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Abstract 


A.  Optical,  dielectric  and  structural  studies  have  been  carried  out 
on  NaNbO^1  and  the  solid  solution  (Na,K)NbOj}  using  both  single  crystals  and 
ceramics.  , No  evidence  for  ferroelac tricity  in  NaNbO^was  found*  however, 
the  crystal  seems  to  be  antiferroelectric  in  accordance  with  the  non-polar 
structure  reported  by  Vousden.  It  is  shown  that  a small  addition  of  KNbO^"1 
to  pure  NaNbO^1  produces  a new  ferroelectric  phase,  the  existence  of  which 
suggests  a possible  explanation  of  the  conflicting  dielectric  and  structural 
properties  previously  reported. 

The  phase  diagram  of  NaNbO^-KNbO^  is  given.  This,  together  with 
the  optical  and  X-ray  studies  of  pure  NaNbO^1,  shows  that  the  three  phase 
transitions  in  NaNbO^1  are  quite  different  in  nature  from  the  BaTiO^-type 
transitions  in  KNbO^1,  despite  a superficial  similarity. 

B.  „ A low- temperature  adiabatic  calorimeter  of  the  Nemst  type  has 
been  constructed  for  specific  heat  and  entropy  measurements  of  phase 
transitions.  The  theory,  construction  and  operation  are  described. 
Measurements  are  made  by  both  step-by-step  and  continuous  heatings. 
Observations  are  reported  on  the  transitions  in  KHgKfy,  KNbOjj,  and  Cd2Nb20y. 


C.  An  acoustical  tank,  for  electro-acoustic  transducer  efficiency 
measurements  has  been  designed  and  constructed. s The  theory  and  procedure 
for  such  measurements  are  described.  Mechanical  and  electronic  construc- 


tional and  operational  details  are  presented. 
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group  are  reported,  including  phase  analyses  of  FfcHfO^  and  related  mixed 
crystals..  Phase  studies  of  compounds  in  the  pyrocblor  group,  including 
cd2Nt2°7»  ^52^32®7  811(1  mixed  crystals  of  these,  are  also  presented. 


Phase  studies  of  other  perovskite-type  compounds  of  the  BaTi03 


B.  A survey  is  included  of  experimental  and  theoretical  research  on 

ferroelectric  crystals,  which  outlines  knowledge  of  all  known  ferroelectrics 
up  to  1952. 


Bi  Three  translations  of  significant  Russian  publications  on  ferro- 

electricity  are  appended. 


G.  A history 

fruitful  directions 


of  the  present  program,  and  suggestions  as  to  probable 
for  future  research,  are  presented. 
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Electromechanical  Transducer  Elements. 


The  X-Ray  and  Crystal  Analysis  Laboratory  of  the  Pennsylvania  State 
College  has  been  concerned,  over  a period  of  several  years,  with  studies  of 
the  internal  structural  bases  for  certain  physical  properties  of  crystals. 

In  particular,  research  has  been  conducted  on  the  crystal-structural  basis 
for  piezoelectric,  ferroelectric  and  high  dielectric  behavior,  and  the 
variation  of  this  behavior  in  various  materials  with  changes  in  temperature. 
Originally,  the  chief  facility  of  the  Laboratory  was  in  the  application  of 
X-ray  diffraction  techniques  in  studies  of  these  structural  mechanisms.  In 
order  to  attain  proper  coordination  between  physical  properties  and  crystal 
structure,  however,  instrumentation  has  been  developed  for  measurement  of 
all  of  these  properties,  and  a research  group  has  been  active  in  such 
measurements.  Furthermore,  facilities  have  been  constructed  for  chemical 
and  crystal  preparation  of  the  materials  to  be  studied,  and  a group  of 
chemists  has  prepared  over  a thousand  compounds  for  physical  examination. 

The  fundamental  purpose  of  these  studies  has  been  the  development 
of  understanding  of  lattice  dynamics,  and  the  nature  and  influence  of  inter- 
atomic and  intermolecular  forces  in  solids  and  liquids.  Precise  knowledge 
of  the  electron  distribution  in  a crystalline  solid,  coupled  with  information 
as  to  how  this  distribution  is  altered  by  temperature  changes,  provides  a 
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very  strong  foundation  for  theoretical  analysis  and  synthesis  in  solid-state 
physics.  Without  such  structural  information,  theories  are  both  without 
adequate  direction  or  tests. 

Among  the  most  structure-sensitive  physical  properties  of  a solid 
is  its  dielectric  behavior  as  a function  of  temperature.  Relationships  between 
mechanical  and  electrical  behavior,  such  as  are  illustrated  by  piezoelectric 
and  pyroelectric  activity,  are  based  upon  fundamental  structural  characteristics. 
Ferroelectric s are  a class  of  compounds  which  show  large  variation  of  these 
properties  with  temperature.  With  one  questionable  exception,  ferroelectric s 
display  very  high  dielectric  constants  in  certain  temperature  ranges}  they 
show  discontinuous  variations  of  physical  properties  at  specific  temperatures} 
and  they  are  piezoelectrically  and  pyroelectrically  active  in  some  regions. 
Ferroelectric s,  consequently,  provide  extremely  interesting  problems  with 
respect  to  dependence  of  physical  properties  upon  structure. 

As  is  well  known,  piezoelectric,  ferroelectric  and  high  dielectric 
materials  are  of  large  practical  importance.  The  development  of  new  materials 
with  advantageous  dielectric  and  electromechanical  properties  is  very  greatly 
aided  by  knowledge  of  the  crystal-chemical  bases  for  these  properties.  The 
temperature  variation  of  physical  behavior  is  a matter  of  prime  practical 
significance. 

Three  general  classes  of  ferroelectric  crystals  are  now  known}  and 
it  is  to  be  anticipated  that  entirely  new  classes  await  discovery.  The  known 
groups  are : 

1.  Rochelle  Salt}  certain  isomorphous  tartrates  (particularly 
those  in  which  NH^+  ions  are  partially  substituted  for  K*  ions)}  and 
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other  tartrates*  not  isomorphous  with  Rochelle  Salt,  such  as 
LiTlC4H406*H20  and  perhaps  LiNH^H^^O. 

2.  Tetragonal  alkali  dihydrogen  phosphates  or  arsenates, 
suoh  as  lO^PO^  and  isomorphs. 

3.  A more  general  class  of  compounds  which  can  be  desig- 
nated as  oxygen-octahedra  structures,  represented  by« 

a«  BaTiO^,  KNbO^,  and  related  pseudo-perovskitesj 

b.  LiNbO^  and  related  pseudo-ilmenitesj 

c.  Cd2Nb20^  and  related  pyrochlores. 

To  this  class  it  may  be  possible  to  add  certain  structures  of  the 
ReOj  type*  and  unquestionably  other  structure  types,  in  which  small, 
polarizable  cations  are  also  enclosed  in  oxygen  octahedra,  will  be 
shown  to  be  ferroelectric. 

A review  of  some  work  to  date,  entitled  Survey  of  Ferroelectric 
Crystals,  prepared  in  1952  by  B.  C.  Frazer  and  R.  Pepinsky,  is  included  as 
Appendix  VI,  at  the  end  of  this  report.  This  may  prove  of  some  value  as  a 
summary  of  previous  results | but  already  several  features  of  the  work  reviewed 
is  in  need  of  serious  revision. 

History  of  Present  Contract  Program 

The  discovery  of  ferroelectric s of  the  BaTiO^  group  was  of  tremendous 
importance  for  the  development  of  electromechanical  transducer  devices.  In 
contrast  with  previously-ava liable  materials,  transducer  elements  could  not 
be  formed  as  mechanically  and  chemically  durable  ceramics,  with  practically 
any  required  shape  and  active  area.  The  admixture  of  certain  oxides  with 
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BaTiO^  extended  the  useful  ferroelectric  tempereture  range,  and  improved 
electrical  behavior  (e.g.,  permitted  the  development  of  permanent  electrical 
polarization) o The  materials  also  served  as  high  dielectrics  in  temperature 
ranges  over  which  previously-available  materials  were  'unsatisfactory. 

The  specific  incentive  to  the  present  program  was  perhaps  the 
discovery  of  a new  group  of  ferroelectric s,  of  perovskite  and  ilmenite  types, 
by  B.  T.  Matthias.  These  were  the  alkali  metaniobates  and  metatantalates, 
first  reported  in  1949.  According  to  their  discoverer,  the  nature  of  the 
coercive  forces  and  dielectric  hysteresis  in  certain  of  these  niobates  and 
tantalates  suggested  that  they  might  be  superior  to  the  BaTiO^  group  as 
materials  for  transducer  elements. 

An  inquiry  was  made  of  the  Penn  State  solid  state  group,  in  the 
Fall  of  1950,  by  Dr.  John  Wallace  of  the  Naval  Air  Development  Center, 
Johnsville,  Pa.,  as  to  whether  this  group  could  undertake  an  investigation 
of  the  niobate  and  tantalate  ferroelectrics.  After  preliminary  conferences, 
a proposal  was  submitted  to  the  Physics  Branch  of  the  Office  of  Naval 
Research,  for  support  of  a program  for  preparation  and  measurement  of  these 
materials.  A copy  of  the  scientific  sections  of  the  proposal  is  attached, 
as  Appendix  I,  at  the  end  of  this  report.  A Research  and  Development  Task 
Order  was  issued  for  Contract  No.  N6onr-26919  on  1 April  1951,  covering  a 
two-year  program.  Section  A of  this  task  order  reads  as  followss 

"The  Contractor  shall  furnish  the  necessary  personnel  and 
facilities  for,  and,  in  accordance  with  any  instructions  issued  by 
the  Scientific  Officer  or  his  authorized  representative,  shall 


conduct  investigations  in  respect  to,  and  the  development  of  new 
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materials  for  electromechanical  transducer  elements,  relating  the 
fundamental  electric  and  physical  constants  of  new  ferroelectric 
and  piezoelectric  materials  to  their  electromechanical  properties.." 

The  contract  has  been  administered  by  the  Acoustics  Branch  of  the 
Office  of  Naval  Research,  with  the  understanding  that  scientific  liason  was 
to  be  maintained  as  well  with  Dr.  John  Wallace  of  the  Naval  Air  Development 
Center.  Cognizant  officials  of  the  Acoustics  Branch  have  been  Mr.  W.  Annis, 

Mr.  H.  Rosenblatt  and  Mr.  A.  W.  Pryce.  The  program  was  originally  planned 
in  collaboration  with  Dr.  Wallace  and  Mr.  Rosenblatts  and  these  original 
plans  have  been  followed  rather  closely. 

Structural  and  other  physical  measurements,  and  theoretical  studies 
of  ferroelectric s,  have  been  carried  on  in  many  laboratories.  The  Penn  State 
solid-state  group  is  a relative  new-comer  to  the  field.  Its  program  is  an 
outgrowth  of  piezoelectric  crystal  studies,  initiated  by  the  present  writer 
and  students  in  1946,  while  still  at  the  Alabama  Polytechnic  Institute. 

Transfer  of  the  program  to  Penn  State  in  1949  permitted  expansion  of  research 
to  include  X-ray  studies  of  ferroelectric  and  high  dielectric  crystals,  and 
particularly  to  permit  development  of  equipment  and  methods  for  measurement 
of  dielectric,  mechanical,  thermal  and  optical  properties  over  wide  temperature 
ranges.  X-ray  diffraction  and  immediately  related  facilities  in  our  laboratory 
are  excellent.  Other  equipment  has  had  to  be  constructed  or  assembled  since 
the  beginning  of  1950}  and  the  present  contract  research  has  been  involved 
in  this  development. 

The  fundamental  steps  in  development  and  measurement  of  new  electro- 
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(1)  Single -crystal  or  polycrystalline  material  preparation, 
with  particular  attention  to  control  of  impurities  and  mixed  crystal 
constitution} 

(2)  measurements  of  dielectric,  piezoelectric,  dilatometric , 
optical,  specific  heat  and  crystal- structural  variations  as  functions 
of  temperature  and  chemioal  constitution} 

(3)  evaluation  of  materials  as  transducer  elements,  in 
terms  of  fundamental  physical  properties  and  chemical  constitution. 

Since  the  new  program  represented  in  essence  an  expansion  of  activity 
on  X-ray  and  other  physical  measurements  of  piezoelectric,  ferroelectric  and 
high  dielectric  crystals,  it  has  not  always  been  possible  sharply  to  separate 
the  research  on  the  transducer  materials  from  closely  related  problems.  X-ray, 
dielectric,  optical,  dilatometric  and  high-temperature  specific  heat  equipment, 
a good  deal  of  low-temperature  equipment,  and  facilities  for  chemical,  ceramic 
and  crystal  preparation,  were  already  at  hand}  and  the  present  research  has 
drawn  on  these  facilities.  On  the  other  hand,  no  low-temperature  calorimetric 
device  was  available,  no  equipment  was  available  for  electromechanical 
efficiency  measurements,  and  certain  expansions  of  dielectric,  optical,  and 
crystal-preparative  facilities  were  necessitated. 

The  present  report  deals  with  major  activities  supported  specifically 
by  Contract  No.  N6onr-26916.  The  main  developments  concerned  ares  preparation 
of  single  crystals  and  ceramics  of  alkali  niobates}  dielectric.  X-ray,  optical, 
dilatometric  and  thermal  measurements  of  these}  construction  and  operation 
of  the  low-temperature  calorimeter}  and  design  and  partial  construction  of 
an  acoustical  tank  for  electromechanical  efficiency  measurements.  Some  work 
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has  been  carried  out  under  this  program  and  a related  contract  with  the  Air 
Research  and  Development  Command,  Contract  No.  AF33(038)-12645»  on  alkaline- 
earth  and  related  titanates,  zirconates  and  hafnates.  Joint  reports,  on 
various  perovskite-type  crystals,  are  attached  as  Appendices  II,  III,  IV  and 
V.  Appendices  III  and  IV  have  been  published,  and  Appendix  V is  in  press 
in  the  Physical  Review.  Section  I of  the  present  report,  on  KNbO^,  NaNbO^, 
and  mixed  (K,Na)NbO^  crystals,  will  be  submitted,  in  slightly  abbreviated 
form,  for  publication  in  the  Physical  Review. 


I.  Introduction, 

In  1949  Matthias • 1 ) » ) reported  the  perovskite-type  niobates  and 
tantalates  oh  sodium  and  potassium  to  be  ferroelectric.  The  lattice  parameters 
of  NaTaO^  and  KTaO^  were  reported  by  Vousden^  ^ at  room  temperature , and  the 
Curie  temperatures  were  reported  as  .3°K  for  KTaO^^)  and  475°C  for  NaTaO^^  . 
However,  no  detailed  investigation  has  been  published  on  the  ferroelectric 
transitions  of  the  tantalates  excep-  the  dielectric  properties  of  KTaO^  near 
the  Curie  point  at  13°K. 

On  the  other  hand,  the  ferroelectric  transitions  in  the  niobates, 
KNbO^  and  NaNbO^,  have  been  studied  in  some  detail.  Matthias  and  Remeika^  ^ 
have  studied  the  dielectric  properties  of  these  crystals,  and  Wood(^)  has 
reported  on  both  the  optical  and  structural  properties.  These  crystals  show 
the  following  transitions,  according  to  these  workers: 

KNbOy  Orthorhombic  - 225°C  - Tetragonal  - 435°C  - Cubic | 

NaNbOj?  Orthorhombic  - 370°C  - Tetragonal  480°C  - Cubic. 

The  ferroelectricity  of  KNbOj  below  420°C  has  been  well  demonstrated. 
The  structural  changes  at  the  two  transitions  are  quite  similar  to  those  of 
BaTiO^  at  0°C  and  125°C.  Moreover,  a recent  study  at  our  laboratory  has 
revealed  the  existence  of  an  additional  phase  change  at  -10°C, below  which  the 
crystal  symmetry  is  rhombohedral^ Hence  the  transitions  in  KNbO^  are 
completely  analogous  to  those  of  BaTiOj. 

In  contrast  to  this,  the  situation  with  NaNbOj  is  rather  confusing. 
Consider  first  the  X-ray  powder  photographs  obtained  with  NaNbO^  and  KNbOj. 
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In  both  the  orthorhombic  and  tetragonal  phases,  superlattice  lines  were 
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observed  on  the  powder  photographs  of  NaNbO^o  KN'oO^,  on  the  other  hand,  shows 
a simple  unit  cell,  so  that  the  phases  in  KNbO^  do  not  correspond  crystallo- 
graphically  to  those  in  NaNbO^o 

A second  point  of  confusion  arises  from  the  structural  study  of 
NaNbO^  at  room  temperature.  Vousden®  reported  the  structure  to  be  non-polar, 
which  necessarily  rejects  the  existence  of  ferroelectricity  in  the  crystal®. 
However,  he  also  observed  domain  movement  under  a large  d»c.  field,  which  is 
usually  indicative  of  ferroelectric  behavior,  as  were  the  hysteresis  loops 
reported  by  Matthias  and  Remeika®.  jn  defense  of  his  space  group  assignment, 
Vousden  indicated  a possible  explanation  of  this  conflicting  data  by  proposing 
the  existence  of  a less-stable,  closely  related  polar  structure  which  may  be 
produced  under  a strong  electric  field  yielding  the  observed  ferroelectric 
phenomena®.  Since  no  new  experimental  results  either  confirming  or  disproving 
this  hypothesis  have  been  reported,  the  whole  question  still  remains  open  to 
conjecture . 

Thirdly,  there  are  discrepancies  between  the  X-ray  and  optical 
observations.  Optical  observations  ® indicate  that  NaNbO^  cyrstals  are  still 
birefringent  above  480°C,  and  do  not  become  isotropic  until  640°C.  To  add  to 
the  confusion,  Wood  reports  that  at  300°C  NaNbO^  is  orthorhombic  by  optical 
measurement,  while  it  should  be  tetragonal  according  to  X-ray  evidence. 
Observations  carried  out  at  425°  and  490°C  show  the  crystal  to  be  optically 
tetragonal, while  X-ray  evidence  indicates  a cubic  lattice.  As  the  result  of 
his  optical  observations,  Vousden  reports  that  NaNbO^  changes  from  orthorhombic 
to  tetragonal  at  about  300°C,  and  to  cubic  at  600°C®.  It  should  be  mentioned 
here  that  small  anomalies  in  the  dielectric  constant  were  observed  at  -80°C 
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by  Matthias  and  Remeika^)  and  at  0°C  by  Wainer  and  Wentworth Vousden, 

/ «j  \ 

however,  failed  to  observe  any  structure  changes  optically  down  to  -175°C'-' 

In  order  to  resolve  these  questions  concerning  the  phase  transitions 
and  possible  existence  of  ferroelec tricity  in  pure  NaNbO^,  detailed  optical. 
X-ray,  and  dielectric  measurements  on  single  crystals  and  ceramic  specimens 
have  been  undertaken  at  this  laboratory.  A study  has  also  been  made  of  the 
NaNbO^-KNbO^  system  in  order  to  show  the  relationship  between  the  various 
phases  in  the  two  crystals. 

II.  Specimen  Preparation  and  Optical  Study  of  the  Phase  Transitions. 

NaNb03  single  crystals  were  prepared  by  the  method  suggested  by 
Wood  (6).  A mixture  of  5*3  g ^2^3,  13*3  g 1^0^  and  8.9  g NaF  was  heated 
to  1500°C  in  a platinum  crucible,  and  then  cooled  to  900°C  in  7 hours.  This 
method  generally  gave  rectangular  plates  which  were  yellow  in  color.  Well- 
shaped, thin  plates  up  to  3x3x1  mm.  in  size  were  often  produced.  A spectro- 
scopic analysis, carried  out  by  Dr.  Lovell  of  the  Mineral  Science  Dept,  of 
Pennsylvania  State  College,  showed  the  following  impurities: 

K:  0.005^1 
Li:  - 0.001$; 

Rb  t \\0. 001$ . 

Powder  photographs  were  taken  of  these  crystals,  using  a Norelco 
powder  camera  (11.4  cm.diam. ) and  CuKa  radiation  filtered  through  a nickel 
foil.  The  photographs  taken  at  room  temperature  showed  well-resolved  line 
splitting  due  to  an  orthorhombic  distortion  of  the  ordinarily  cubic  perovskite 
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.g. 

structure.  Taking  monoclinic  axes  , the  lattice  parameters  were  calculated 
from  the  (422)  and  (332)  groups,  with  the  re suits i 

a'  = c*  = 3.915  X,  b = 3.881  % and  0 = 90°40'. 

These  values  are  in  good  agreement  with  earlier  measurements,  particularly 
those  of  Vousden^  (see  Table  I). 

Extra  lines  were  observed  in  NaNbO^  powder  photographs  by  Wood^), 
who  gave  the  multi-molecular  unit  cell  dimensions.  A multiple  cell  structure 
was  also  reported  by  Vousden  in  his  analysis^5).  A comparison  of  the  extra 
lines  observed  by  Wood  (see  Figure  5 of  reference  6)  with  our  own  showed  the 
two  sets  of  lines  to  be  identical. 

When  the  larger  NaNbO^  crystals  were  viewed  under  a polarizing 
microscope , multidomains  in  extremely  complicated  patterns  were  observed. 
However,  several  thin  plates,  approximately  1 mm?  in  area,  showed  only  a few 
domains  and  very  sharp  extinction  positions.  These  crystals  were  used  in 
an  optical  study  of  the  phase  transitions  in  NaNbO^.  Measurements  were  carried 
out  with  a high  temperature  optical  stage  of  simple  design,  which  permitted 
observation  under  a polarizing  microscope  at  temperatures  as  high  as  700°C. 


Throughout  the  paper,  the  monoclinic  parameters  a*  = o',  b and  p have  been 

substituted  for  the  orthorhombic  unit  cell  distances  a,  b and  c so  that  the 

lattice  parameters  can  be  more  conveniently  compared  with  those  of  the  cubic 

and  tetragonal  phases.  The  monoclinic  and  orthorhombic  lattice  parameters 

are  related  as  follows!  a = 2a* sin  & , b = b,  c = 2a'cos  E . The  wave  length 

2 2 

of  CuKa^  radiation  was  taken  as  1.5405^  in  all  calculations. 


Table  I. 


Lattice 

Parameters 

of  NaNb03 

a«=c'(A) 

b(A) 

a'/b 

0 

Wood 

3.921 

3.885 

1.0093 

90°40 1 

Vousden 

3.915 

3.880 

1.0091 

90°40' 

Shirane- 

Pepinsky 

3.915 

3.881 

1.0088 

90°40' 
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At  room  temperature  the  crystals  showed  two  types  of  domains.  In 
some  domains  extinction  occurred  at  positions  making  an  angle  of  45°  with  the 
crystal  edges,  while  the  remaining  domains  showed  parallel  extinction.  This 
behavior  is  quite  characteristic  of  orthorhombic  crystals.  At  360°C  a sudden 
change  was  noted  in  the  optical  properties  of  the  crystals!  above  360°C  only 
parallel  extinction  was  observed.  A less  pronounced  domain  movement  was 
observed  to  occur  at  480°C.  The  crystals  continued  to  show  parallel  extinction 
even  above  these  transitions.  A third  transition  took  place  at  640°C,  above 
which  no  extinction  was  observed!  so  that  it  may  be  safely  assumed  that  the 
crystal  becomes  isotropic  there. 

Although  these  results  are  in  good  agreement  with  the  three  optical 
transitions  observed  by  Wood,  the  following  points  of  interest  should  be  noted. 

The  optical  change  at  360°C  is  much  more  violent  in  nature  than  the 
phase  transitions  at  480°  and  640°C!>  Furthermore,  it  was  relatively  easy  to 
recognize  an  optical  transition  at  640°C,  since  a change  from  anisotropy  to 
isotropy  was  involved!  but  the  transition  at  480°C  was  observed  only  with 
exceptionally  clear,  well-shaped  specimens. 

In  the  two  optical  phases  of  NaNbO^  between  360°  and  640°C,  each 
crystal  showed  complete  parallel  extinction.  In  tetragonal  crystals,  parallel 
extinction  is  observed  when  the  c-axis  lies  in  the  plane  of  the  plate  and  no 
extinction  (optical  isotropy)  is  found  when  the  c-axis  Is  perpendicular  to 
the  plate.  The  latter  case  was  not  observed  in  the  ten  NaNbO^  crystals  we 
examined.  Since  the  crystals  were  all  primarily  thin  plates,  this  optical 
peculiarity  is  probably  due  to  some  special  orientation  of  the  crystal  habit. 

Color  changes  were  observed  between  360°  and  480°C  as  the  crystals 
were  heated.  Constantly  shifting  spectra  were  observed  with  white  light!  and 
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when  the  crystals  were  illuminated  with  sodium  light,  a series  of  black  strips 
transversed  the  crystals,  one  by  one.  Although  there  is  a possibility  that 
the  phenomenon  is  due  to  a thickness  change,  the  exact  origin  of  the  effect 
is  not  known. 

Thus  optical  study  clearly  shows  three  phase  transitions  in  NaNbO^. 
Moreover,  the  symmetry  is  definitely  orthorhombic  Uelow  360°C  and  cubic  above 
640°C i but  the  supposedly  tetragonal  phases  between  the  two  leave  some  doubt 
as  to  their  true  nature.  The  three  phase  transitions  in  NaNbO^  were  recently 
observed  in  a differential  thermal  analysis  performed  by  Dr.  Rustum  Roy,  of 
the  School  of  Mineral  Industries,  The  Pennsylvania  State  College The 
transition  temperatures  are  in  good  agreement  with  those  given  above. 

III.  X-ray  Study  of  the  Phase  Transitions  in  NaNbO^. 

A series  of  powder  photographs  were  taken  of  NaNbO^  over  a wide 
temperature  range,  using  a Unicam  19  cm  high-temperature  camera  and  CuKa 
radiation  filtered  through  nickel.  A sample  consisting  of  powdered  NaNbO^ 
crystals  was  sealed  in  a glass  capillary  having  an  outside  diameter  of  0.3  mm 
and  a wall  thickness  of  0.01  mm.  The  diffraction  patterns  showed  very  sharp 
line  splitting,  enabling  resolution  of  the  CuKa-p(i2  doublet  at  an  angle 
0 = 40°.  The  lattice  parameters  were  calculated  from  the  line  groups 
N = h^  + k^  + 1^  = 25,  24  and  22.  The  results  are  tabulated  as  a function 
of  temperature  in  Table  II  and  plotted  in  Figs.  1 and  2. 

Below  360°C  the  symmetry  is  obviously  orthorhombic,  in  agreement 


with  optical  observation.  Although  the  parameters  listed  are  those  correspond- 
ing to  a simple  unit  cell,  the  extra  lines  present  in  the  photographs  may  well 
indicate  a multiple  unit  cell.  The  intensity  of  these  extra  lines  rapidly 
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Table  II. 

Lattice  Parameters  of  NaNbOj  as  a Function  of  Temperature 


T(°C) 

a'=c • (1) 

b(I) 

a'/b 

0 

v(P) 

20 

3.915 

3.880 

1.009 

90°41' 

59.45 

175 

3.918 

3.898 

1.005 

90°32' 

59.82 

300 

3.921 

3.910 

1.003 

90°25' 

60.11 

350 

3.922 

3.913 

1.002 

90°23' 

60.18 

a=b 

c 

c/a 

375 

3.918 

3.927 

1.0023 

60.28 

390 

3.919 

3.927 

1.0020 

60.33 

410 

3.921 

3.926 

1.0014 

60.35 

420 

3.921 

3.927 

1.0014 

60.38 

430 

3.925 

60.44 

460 

3.926 

60.52 

480 

3.928 

60.61 

670 

3.942 

61.27 
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decreases  as  the  temperature  is  raised  above  room  temperature. 

At  the  transition  temperature  near  360°C,  the  diffraction  patterns 
change  quite  abruptly,  so  that  the  line  splitting  is  greatly  reduced.  For 
example,  at  375°C  only  the  (510),  (431)  and  (422)  line  groups  are  well  resolved. 
The  line  splitting  above  360°C  appears  to  *6e  typical  tetragonal  splitting,  in 
agreement  with  the  optical  measurements.  It  is  difficult,  however,  positively 
to  exclude  other  possible  lattice  forms,  since  the  distortion  is  so  slight. 

Assuming  the  crystal  to  be  tetragonal,  the  calculated  c/a  ratio  shows 
a very  small  deviation  from  unity,  c/a  being  1.0023  at  375°C.  Moreover,  this 
distortion  continues  to  decrease  with  increasing  temperature,  and  at  temperatures 
above  430°C  no  line  splitting  can  be  observed.  Thus  if  a tetragonal  distortion 
of  the  cubic  perovskite  lattice  exists  above  this  temperature,  the  axial 
deviation  is  certainly  less  than  0ol$.  No  structure  changes  were  observed 
with  X-rays  at  the  transition  temperatures  of  480°C  and  640°C.  Extra  lines 
were  again  observed  above  360°  (as  first  reported  by  Wood)^,  but  no  definite 
conclusions  could  be  drawn  as  to  their  character. 

Some  of  the  discrepancies  observed  by  Wood  between  the  optical  and 
X-ray  measurements  on  NaNbO^  have  been  removed  by  our  measurements.  Our  X-ray 
powder  photographs  taken  at  300°C  indicate  an  orthorhombic,  net  a tetragonal 
lattice,  so  there  is  no  disagreement  between  X-ray  and  optical  observation. 

Wood  also  reported  cubic  diffraction  lines  above  370°C,  whereas  optical 
measurements  indicated  tetragonal  symmetry.  We  were  able  to  observe  tetragonal 
line  splitting  at  temperatures  well  above  370°C,  although  this  distortion 
became  negligible  at  about  430°C. 

Wood  hypothesized  that  the  X-ray  photographs  gave  the  symmetry  of 
the  niobium  array,  whereas  the  optical  properties  were  determined  principally 
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by  the  combined  oxygen-sodium  array.  In  this  way  she  was  able  to  account  for 
obvious  differences  between  the  X-ray  and  optical  observations.  However,  since 
the  principal  differences  between  these  results  have  been  removed  by  our 
measurements,  it  seems  more  natural  to  conclude  that  the  optical  measurements 
are  simply  more  sensitive  to  slight  lattice  distortions  than  the  X-ray  technique. 

IV.  Dielectric  Properties  of  NaNbO^. 

Dielectric  measurements  were  made  on  NaNbO^  single  crystals  using 
rectangular  plates  2-3  mm.  on  edge  and  having  a thickness  of  approximately 
0.5  mm.  The  dielectric  constant  £ is  plotted  as  a function  of  temperature 
in  Fig.  3«  The  measurements  were  made  at  a frequence  of  10  kc/sec  using  an 
alternating  electric  field  of  5 v/cm.  The  sharp  change  in  the  dielectric 
constant  was  observed  at  3 55°C,  as  reported  by  Matthias  and  Remeika(5). 

This  anomaly  undoubtedly  corresponds  to  the  orthorhombic -tetragonal  phase 
transformation  observed  in  our  optical  and  X-ray  measurements  at  360°C. 

An  effort  was  made  to  measure  the  dielectric  constant  in  the  vicinity 
of  the  second  optical  transition  at  480°C.  No  dielectric  anomaly  could  be 
detected  in  this  region.  However,  since  the  loss  becomes  quite  appreciable 
above  400°C,  a small  transition  could  have  easily  been  obscured  by  the  in- 
accuracy of  our  measurements. 

No  dielectric  anomalies  were  detected  between  room  temperature  and 
-185°C,  in  agreement  with  Vousden's  optical  observations^  but  in  contra- 
diction with  previous  dielectric  measurements^). 

Several  measurements  employing  various  techniques  were  made  in  an 
effort  to  detect  ferroelec tricity  in  NaNbO^.  First  of  all,  the  relation  between 
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polarization  and  electric  field  was  investigated  using  a modified  Saywer-Tower's 
circuit.  The  P-E  relation  proved  to  be  quite  linear  even  in  fields  as  high  as 
15  kv/cm.  No  hysteresis  loops  were  observed.  The  relationship  was  studied 
over  a temperature  range  extending  from  20°C  to  420°C  and  at  a frequency  of 
60  cycle s/sec. 

Pyroelectric  tests  were  also  carried  out  to  detect  any  spontaneous 
polarization.  First  a d-c  field  of  10  kv/cm.  was  applied  across  the  specimen 
for  five  minutes  at  300°C , to  enable  the  domains  to  at  least  partially  align 
themselves  in  one  direction.  The  electrodes  were  then  connected  across  a 
sensitive  galvanometer  and  the  specimen  heated  to  a temperature  above  the 
transition  at  355°C.  A change  in  the  spontaneous  polarization  should  give  a 
current  through  the  galvanometer  on  passing  through  the  transition;  but  no 
discharge  current  could  be  detected  with  NaNbO^.  When  a similar  test  is 
performed  on  KNbO^,  large  discharge  currents  are  observed  at  both  the  225° 
and  435°C  transitions. 

The  effect  of  a d-c  biasing  field  on  the  dielectric  constant  has 

also  been  studied.  In  all  known  ferroelec tries  including  Rochelle  salt,^^ 

(14)  (15) 

KH2PO4  and  BaTiO^*  the  application  of  such  a field  drastically  reduces  the 
dielectric  constant.  With  NaNbOj  crystals,  however,  the  application  of  a 
d.c.  field  of  8 kv/cm.  does  not  affect  the  value  of  the  dielectric  constant 
at  room  temperature.  The  application  of  a similar  field  at  a temperature 
slightly  below  the  transition  at  355°C  even  resulted  in  a slight  increase  in 
the  dielectric  constant. 

The  experiments  described  above  gave  no  evidence  for  ferroelec tricity 
in  NaNbO^.  This  result  has  recently  been  verified  by  Cross9^ who  also  studied 
the  dielectric  properties  of  pure  NaNbO^  and  found  no  evidence  for  ferro- 
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electricity.  Only  by  assuming  the  crystal  to  possess  an  extremely  high  coercive 
field,  even  in  the  vicinity  of  the  transition  at  355°C,  can  we  justify  the 
existence  of  ferroelec tricity  in  NaNbO^.  A more  likely  hypothesis  is  that 
NaNbO^  is  not  ferroelectric  but  is  actually  anti-ferroelectric.  The  nature 
of  the  355°C  transition  and  the  antiparallel  niobium  displacement  observed 
by  Vousden would  tend  to  support  this  view. 


V.  Phase  Diagram  of  NaNbOj  - KNbOj. 

In  contrast  with  the  peculiar  properties  of  NaNbO^  just  described, 

KNbO^  shows  typical  ferroelectric  behavior  closely  similar  to  that  of  BaTiOj. 

To  account  for  the  differences  in  NaNbO^  and  KNbO^,  the  phase  diagram  of  their 
solid  solution  has  been  studied  in  some  detail.  Both  ceramics  and  mixed 
crystals  were  used  in  the  investigation.  Pure  KNbO^  crystals  were  prepared 
from  I^CO^  ^ a described  by  Wood^. 

(a)  Dielectric  Measurements  on  Ceramics. 

Ceramic  specimens  were  prepared  in  the  desired  percentages  from 
appropriate  mixtures  of  K2CO3,  Na2C0^  and  The  firing  temperatures 

ranged  from  1050°C  for  pure  KNbO^  to  1200°C  for  pure  NaNbO^.  Only  by  adjust- 
ing the  firing  temperature  of  pure  KNbO^  to  just  below  its  melting  point  could 
a suitable  ceramic  be  obtained.  Silver  paste  electrodes  were  applied  to  the 
ceramics  for  dielectric  measurements. 

The  temperature  dependence  of  the  dielectric  constant  was  investiga- 
ted for  an  a.c.  field  of  5 V/cm  having  a frequency  of  10  kc/seo.  The  results 
are  shown  in  Figs.  4-7.  The  dielectric  behavior  of  pure  NaNbO^  and  pure 
KNbO^  ceramics  proved  to  be  quite  similar  to  that  obtained  with  single  crystals, 
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Figure  4 

Dielectric  Constant  of  Ceramic  KNI1O3 
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Figure  5 

Dielectric  Constants  of  Ceramic  Mixed 
Niobates:  (Ko.5’^ao.5^NW33  and  ^0.1,Na0.9^Nb°3 
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except  that  the  changes  in  the  dielectric  constant  accompanying  the  structural 
transitions  were  much  sharper  for  single  crystals.  No  anomaly  was  observed 
in  the  pure  NaNbO^  ceramic  near  the  temperature  of  the  second  optical  transition 
at  480°C. 

One  particularly  important  result  came  out  of  the  dielectric  study 
of  the  KNbO^-NaNbO^  solid  solutions.  When  a small  amount  of  KNbO^  is  added 
to  pure  NaNbO^,  a second  small  anomaly  appears  in  the  dielectric  constant 
near  200°C,  in  addition  to  the  usual  dielectric  transition  observed  around 
400°C.  The  results  for  Q^)NbO-j  are  shown  in  Fig.  4.  With  increasing 

KNbO-j  concentration  the  two  dielectric  anomalies  continue  to  appear  near  200° 
and  400°C,  so  that  the  lines  joining  these  transition  temperatures  for  various 
compositions  extend  continuously  to  the  transitions  observed  in  pure  KNbO^. 

The  third  and  lowest  phase  transition  in  pure  KNbO^,  below  which  the  crystal 
symmetry  is  rhombohedral,  occurs  at  -1 0°C  for  pure  KNbO^  but  decreases  rapidly 
in  temperature  with  increasing  NaNbO^  concentration. 

The  phase  diagram  shown  in  Fig.  8 was  drawn  from  the  data  gathered 
with  the  dielectric  measurements  on  the  mixed  KNbO^  - NaNbO^  ceramics.  A 


* 

Strictly  speaking,  each  phase  line  shown  in  Fig.  8 should  be  drawn  as  two 
slightly  separated  lines  between  which  both  the  phases  above  and  below  the 
phase  line  coexist  as  a mixture.  However  these  double  lines  are  never 
observed  experimentally,  principally  because  the  neighboring  phases  in  this 
type  of  compound  are  so  closely  related  that  the  line  separation  i3  very  small 
and  a long  time  interval  is  required  for  the  mixed  phase  to  appear.  The 
authors  wish  to  thank  Dr.  Rustum  Roy  and  Professor  A.  J.  C.  Wilson  for  a very 
illuminating  discussion  concerning  this  point. 
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standard  procedure  was  used  to  check  each  phase  in  the  diagram  for  ferro- 


electricity.  The  hysteresis  loops  of  a number  of  different  compositions  were 


examined  at  various  temperatures  using  an  a.c.  field  of  10-20  kv/cm.  at  a 


frequency  of  60  cycles/sec.  As  expected,  the  P-E  relationship  is  always 


linear  above  the  upper  phase  line  near  400  C.  Well  defined  hysteresis  loops 


were  observed  in  the  intermediate  phase  for  ceramic  compositions  ranging  from 


pure  KNbO^  to  (Na^  Q Q^)Nb0^,  although  the  latter  gave  loops  of  somewhat 


questionable  quality*  Hysteresis  loops  were  also  found  in  the  orthorhombic 


phase  for  all  compositions  from  KNbO^  to  (NaQ  ^jNbO^.  By  comparing  the 


hysteresis  loops  of  a single  specimen  in  both  the  orthorhombic  and  tetragonal 


phases,  we  found  that  the  coercive  field  was  much  larger  and  the  polarization 


much  further  from  saturation  in  the  orthorhombic  phase. 


The  P-E  relation  is  almost  linear  in  the  orthorhombic  phase  for 


compositions  containing  less  than  10$  KNbO^,  even  for  fields  as  high  as  15  kv/cm. 


The  absence  of  hysteresis  loops  might  be  explained  by  a sudden  increase  in  the 


coercive  field}  but  no  reasonable  explanation  for  such  an  increase  is  immediately 


obvious.  The  extra  lines  observed  in  the  X-ray  powder  photographs  of  NaNbO^ 


indicated  structural  differences  in  the  orthorhombic  phases  of  thi3  crystal  and 


hence  there  must  be  a separating  phase  line  somewhere  in  the  KNbO^  - NaNbO^ 


solid  solution.  Such  a phase  line  could  well  be  the  dividing  line  between  ferro- 


electric and  non-ferroelectric  phases,  explaining  the  absence  of  hysteresis 


loops  on  the  NaNbO^  side.  According  to  our  dielectric  measurements,  the  phase 
line  lies  somewhere  between  (NaQ  10^N^3  411(3  ^Na0.95^0  05^b<^3*  48 


in  Fig.  8. 


When  measured  as  a function  of  increasing  temperature,  the  dieleotric 


constant  for  the  various  solid  solutions  shows  a high  peak  at  the  upper  transition 


temperature.  This  peak  is  followed  by  a sharp  decrease,  obeying  the  Curie-Weiss 


T-e 

which  is  typical  of  ferroelectric s above  their  Curie  point.  It  should  be 
pointed  out  that  even  ceramics  made  up  almost  entirely  of  NaNbO^,  such  as 
(Nap  0^)NbO^,  obey  the  Curie-Weiss  law  quite  closely.  In  pure  NaNbO^ 

ceramics  the  peak  dielectric  constant  is  low  even  for  single  crystals,  but  the 
behavior  of  the  dielectric  constant  above  the  Curie  point  closely  approximates 
a Curie-Weiss  relation  until  well  above  400°C,  where  the  dielectric  loss 
becomes  troublesome.  The  values  of  the  empirical  constants  0 and  C as 
calculated  from  the  experimental  data  are  plotted  in  Fig.  9 for  various 
compositions.  In  pure  NaNbO^,  C varies  quite  appreciably  from  specimen  to 

cO 

specimen,  being  of  the  order  of  2 to  4 x 10  C.  0,  on  the  other  hand,  changes 
little  in  comparison,  generally  having  values  between  60°  and  80°C. 

The  optical  and  X-ray  measurements  previously  described  showed 
NaNbO^  to  be  tetragonal  above  360°C,  not  cubic.  Moreover,  it  will  be  subse- 
quently demonstrated  that  the  mixed  crystal  (N  a0.95K0.05^Nb03  als0  is 
tetragonal  above  the  transition.  It  is  therefore  possible  that  the  validity 
of  the  Curie-Weiss  law  for  these  particular  compounds  is  only  accidentalj 
but  it  may  also  mean  that  the  tetragonal  phases  of  NaNbO^  above  360°C  actually 
are  paraelectric . 

(b)  X-Ray  Study  of  the  Phase  Diagram. 

The  lattice  parameters  of  the  NaNbO^-KNbO^  system  were  determined 
from  powder  photographs  taken  with  a Unicam  9 cm  powder  camera  employing 
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CuKa  radiation.  It  was  difficult  to  obtain  clearly  resolved  lines,  particularly 
with  ceramics  consisting  principally  of  NaNbO^.  However,  after  firing  several 
ceramics  under  slightly  different  conditions,  we  obtained  powder  photographs 
showing  sufficient  resolution  in  the  (422)  and  (400)  groups  to  permit  calculation 
of  the  lattice  parameters.  The  results  are  shown  in  Fig.  10  and  Table  III. 

Note  that  the  lattice  parameters  decrease  continuously  from  KNbO^  to  NaNbO^, 
so  that  a solid  solution  is  formed  over  the  entire  range  of  concentrations. 

We  were  not  able  to  define  clearly  the  phase  line  separating  the 
orthorhombic  phases  of  NaNbO^  and  KNbO^  by  X-ray  measurements.  Such  a phase 
line  should  be  accompanied  by  discontinuities  in  the  lattice  parameters  or  by 
a sudden  appearance  of  extra  lines  with  increasing  NaNbO^  content.  For  the 
KNbO^  - NaNbO^  system,  the  lattice  parameters,  particularly  ji,  show  sharp 
changes  near  pure  NaNbO^.  Moreover,  the  intensities  of  the  extra  lines 
observed  in  pure  NaNbO^  decrease  rapidly  with  the  addition  of  small  amounts 
of  KNbO^.  It  is  not  possible,  however,  to  point  to  any  particular  composition 
as  a point  of  discontinuity  for  the  lattice  parameters,  because  of  the  great 
similarity  between  the  orthorhombic  cells  of  KNbO^  and  NaNbO^.  Similarly  the 
low  intensity  of  the  extra  lines  also  makes  it  difficult  to  tell  at  what 
composition  they  first  appear. 

The  crystal  structure  of  the  three  upper  phases  of  KNbOj  have  been 
clearly  identified  by  Wood  as  being  cubic,  tetragonal  and  orthorhombic  with 
decreasing  temperature.  A more  detailed  investigation  of  the  lattice  changes 
in  the  vicinity  of  each  transition  has  been  undertaken  in  our  laboratory  for 
comparison  with  the  NaNbO^  data.  The  unit  cell  dimensions  of  KNbO^  were 
calculated  from  the  (510),  (431),  (422)  and  (332)  line  groups  observed  on 
photographs  taken  with  a 19  cm.  Unicam  high -temperature  camera.  The  results 


Table  III. 


Lattice 

Parameters 

of  (K-Na)Nb03  Solid 

Solutions 

Composition 

a'=c'(A) 

b(i) 

b/a’ 

P 

KNbOj 

4.036 

3.974 

1.0156 

90°16» 

1056  Na 

4.029 

3.969 

1.0151 

90°16' 

20$  Na 

4.027 

3.969 

1.0146 

90°16' 

5058  Na 

4.012 

3.952 

1.0152 

90°2l> 

6058  Na 

3.999 

3.942 

1.0145 

90°24’ 

8058  Na 

3.963 

3.925 

1.0097 

90°26' 

9058  Na 

3.936 

3.908 

1.0077 

90°27« 

9558  Na 

3.930 

3.900 

1.0077 

90°31' 

NaNb03 

3.916 

3.886 

1.0077 

90°40 ' 

I I 

1 I 
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are  given  in  Figs.  11  and  12  and  in  Table  IV.  It  is  obvious  from  these  graphs 
that  the  temperature  variation  of  the  KNbO^  cell  dimensions  is  quite  similar 
to  that  observed  with  BaTiO^. 

A comparison  of  Figs.  11  and  12  with  Figs.  1 and  2 reveals  the  follow- 
ing important  differences  between  KNbO^  and  NaNbO^.  The  axial  ratio  observed 
in  the  tetragonal  phase  is  much  larger  for  KNbO^  (§  = 1.015)  than  for  NaNbO^ 

(j  = 1.002).  Moreover,  the  axial  ratio  of  KNbO^  shows  very  little  temperature 
dependence  in  the  tetragonal  region  and  an  abrupt  discontinuity  at  the  cubic- 
tetragonal  transition.  NaNbO^,  on  the  other  hand,  shows  a marked  temperature 
dependence  and  an  extremely  small  discontinuity  at  the  transition.  Similar 
differences  occur  in  the  pseudo-monoclinic  parameters  a*/b  and  £,  used  to 
describe  the  crystal  in  the  orthorhombic  phase. 

By  way  of  comparison,  (NaQ^Q  ^)NbO^  shows  orthorhombic  symmetry  at 
room  temperature, which  changes  to  tetragonal  (c/a  = 1.01)  at  240°C.  The 
tetragonal -cubic  transition  takes  place  at  400°C.  In  general,  the  behavior  of 
this  mixed  crystal  is  much  more  similar  to  KNbO^  than  to  NaNbO^. 

(c)  Specific  Heat  Measurements. 

The  specific  heats  of  NaNbO,,  KNbO  and  (Na  Kn  )NbO  were  measured 

3 3 U*'7  Uoj.  3 

as  a function  of  temperature  using  a Nagasaki-Takagi  adiabatic  calorimeter  ^-7)  f 
a modification  of  the  Sykes*  calorimeter.  The  details  of  the  calorimeter 
design  and  construction  have  been  given  in  a previous  report (^9). 

The  specific  heat  specimens  were  prepared  by  powdering  ceramics  of 
the  same  type  used  in  the  dielectric  and  X-ray  studies.  About  15  grams  of  the 
powdered  ceramic  was  placed  in  a platinum  vessel  and  heated  at  a rate  of 
approximately  l°C./min.  The  heat  content  of  the  empty  calorimeter  was  calibrated 


using  SiC^  as  a standard  substance.  The  results  are  shown  in  Figs.  13-15* 
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The  specific  heat  anomalies  observed  in  NaNbO^  and  (NSg^Kg^NbO^ 
are  small  in  comparison  with  those  observed  in  KNbO^.  This  result  was  to  be 
expected,  since  the  structural  anomaly  is  much  more  pronounced  in  KNbO^.  The 
integrated  transition  energies  listed  in  Table  V were  calculated  from  Figs. 
13-15  ifter  assuming  certain  normal  specific  heat  curves  (indicated  by  dashed 
lines). 

(d)  Further  Study  of  the  Phase  Diagram  of  Mixed  Crystals. 

The  optical  study  of  NaNbO^  crystals  showed  three  phase  transitions 
at  360°,  480°  and  640°C,  -jhile  dielectric  measurements  carried  out  on  NaNbO^ 
ceramics  up  to  temperatures  as  high  as  500°C  showed  only  the  lowest  transition. 
To  complete  the  phase  diagram  of  the  (K-Na)NbO^  system,  mixed  crystals  were 
prepared  from  the  appropriate  mixtures  of  NaNbO^  and  KNbO^,  using  NaF  as  a 
flux.  The  compositions  of  the  mixed  crystals  are  not  exactly  in  proportion 
to  the  percentages  of  KNbO^  and  NaNbO^  because  additional  Na  is  introduced  by 
the  flux. 

Mixed  crystals  were  prepared  of  several  compositions  between 
(Ko^jNSq  ^)NbO^  and  pure  NaNbO^.  Small  rectangular  plates,  yellow  or  brown 
in  color,  were  obtained  from  the  melt.  The  crystals  gave  excellent  potrier 
diffraction  photographs,  showing  lines  which  clearly  indicated  an  orthorhombic 
lattice  of  the  perovskite  type  at  room  temperature.  Approximate  composition 
values  were  assigned  to  the  crystals  by  comparing  the  unit  cell  dimensions  of 
the  mixed  crystals  with  those  obtained  with  ceramics  of  various  compositions 
(see  Fig.  10).  In  this  manner  it  was  found  that  crystals  of  (Nag^^Kg  ^)NbO^ 
could  be  obtained  by  melting  a mixture  of  equal  parts  of  NaNbO^  and  KNbO^  along 
with  a NaF  flux.  It  should  be  emphasized,  however,  that  the  estimated  compo- 
sitions shown  in  Fig.  16  are  only  approximate, so  that  the  results  are  only 


Table  V. 

Transition  Energy  of  KNbO^,  NaNbOj,  and  (KQ^jNaQ^NbO^ 


Composition  Lower  phase  change  Upper  phase  change 


190  cal/mole 
60  cal/mole 
50  cal/mole 


*1 


T ' ? 

!-  i 


KNb03 


85  cal/mole 


20  cal/mole 


NaNbO-j 
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semi-quantitative . 

Optical  observations  of  the  mixed  crystals  under  a polarizing  micro- 
scope led  to  the  phase  diagram  shown  in  Fig.  16.  Again  we  found  that  the 
addition  of  a small  amount  of  KNbO^  to  NaNbO^  greatly  altered  its  physical 
characteristics.  The  optical  properties  of  the  tetragonal  phase  in 
(N8q  9Kq  ^)NbO^  are  much  more  similar  to  those  in  KNbO^  than  to  those  in 
NaNbO^.  In  mixed  crystals  such  as  this  we  observed  both  domains  of  parallel 
extinction  and  plates  oriented  in  the  c direction. 

The  two  tetragonal  phases  observed  optically  in  pure  NaNbO^  were 
also  observed  for  mixed  crystals  containing  less  than  10$  KNbO^.  The  tem- 
peratures of  these  optical  transitions  decreased  rapidly  with  increasing 
concentration  of  KNbO^.  As  in  the  case  of  pure  NaNbO^t  only  parallel  extinction 
was  observed  in  the  tetragonal  phases  above  360°C.  No  examples  of  complete 
extinction  (i.e.,  c-axis  plates)  were  found  in  the  20  or  more  crystals 
examined  in  this  range  of  compositions. 

Single  crystals  large  enough  for  dielectric  tests  were  obtained  from 
the  mixed  crystal  growth  of  (NBq  ^jNbO^.  The  dielectric  constant  measured 
at  a field  of  10  v/cm  and  a frequency  of  10  kc/sec  showed  two  anomalies, 
corresponding  to  those  obtained  in  optical  observations  on  the  crystal. 
Hysteresis  loops  were  observed  in  both  the  tetragonal  and  orthorhombic  phases, 
for  fields  of  the  order  of  10  v/cm.  The  hysteresis  loops  in  the  tetragonal 
phase  show  a greater  tendency  toward  saturation,  since  the  coercive  field  is 
somewhat  larger  in  the  orthorhombic  phase. 


VI.  Discussion. 

The  optical  observations  just  described  point  to  the  existence  of 
three  phase  transitions  in  NaNbO^  at  360°,  480°  and  640°C,  although  the  latter 


two  could  not  be  verified  by  either  dielectrio  or  X-ray  measurement  since  the 
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Figure  16 

Phase  Diagram  of  KNbO^-NaNhO^  System, 
Showing  Behavior  Near  Pure  NaNhO^  Side 


NaNbO. 


Mole  Percent  of  KNb03 
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structural  perturbation  is  undoubtedly  very  small.  These  two  phases  are 
certainly  different  from  the  tetragonal  phase  in  KNbO^l  in  fact,  there  seems 
to  be  no  known  similar  phases  in  any  of  the  perovskite-type  ferroelectric s. 

The  dielectric  properties  of  these  phases  and  their  relation  to  the  crystal 
structure  are  still  very  much  open  to  question. 

Our  experiments  on  NaNbO^  ceramics  and  crystals  failed  to  give  any 
evidence  for  ferroelectricity,  although  the  possibility  of  antiferroelectricity 
arising  from  an  antiparallel  displacement  of  the  niobium  atoms  still  remains. 
Other  observers,  however,  have  reported  positive  evidence  for  ferroelectricity. 
Hysteresis  loops  were  obtained  by  Matthias  and  Remeika'y^while  Vousden^observed 
domain  movement  under  a strong  d.c.  field  (20  kv/cm). 

We  attempted  to  repeat  the  letter's  experiment  by  observing  the 
behavior  of  NaNbO^  crystals  in  an  electric  field  with  a polarizing  microscope. 
Most  of  the  crystals  showed  no  domain  boundary  movement  for  fields  of  15-20 
kv/cm.  A few,  however,  displayed  a slight  pattern  change  in  the  domains  just 
before  an  electrical  breakdown  occurred.  No  positive  conclusion  could  be 
drawn  from  the  experiments. 

It  is  obvious  that  the  conflicting  results  could  be  explained  away 
by  assuming  Vousden's  space  group  assignment  to  be  in  error,  or  by  assuming 
NaNbO^  to  have  an  extremely  high  coercive  field,  preventing  the  observation 
of  hysteresis  loops  in  our  dielectric  tests.  At  the  same  time,  however,  there 
is  another  possible  explanation  for  the  disagreement. 

The  phase  diagram  shown  in  Fig.  8 indicates  that  the  ferroelectric 
tetragonal  phase  observed  in  KNbO^  extends  to  compositions  consisting  almost 
entirely  of  NaNbO^.  The  ferroelectric  orthorhombic  phase  also  extends  to 
within  several  percent  of  pure  NaNbO^.  It  is  also  possible  that  the  addition 
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of  other  impurities  to  these  mixed  crystals  would  move  the  ferroelectric  phase 

even  closer  to  pure  NaNbO^.  Thus  a strong  electric  field  might  easily  induce 

ferroelectricity  in  NaNbO^  crystals  containing  a small  amount  of  impurity. 

This  induced  ferroelectric  phase  would  be  characterized  by  all  the  usual 

phenomena  accompanying  ferroelectricity,  including  hysteresis  loops  and  domain 

boundary  movement.  In  such  a case  this  hypothesis  almost  exactly  fits  that 
(ID) 

proposed  by  Vousden,  who  assumed  the  existence  of  a ferroelectric  state  which, 

under  normal  conditions,  is  slightly  less  stable  than  a closely  related  non- 

ferroelectric  state.  According  to  Vousden,  the  ferroelectric  structure 

becomes  stable  under  an  applied  external  field,  giving  rise  to  the  observed 

ferroelectric  phenomena.  This  situation  is  surprisingly  similar  to  the 

(20) 

"forced  transition  by  electric  field”  observed  in  PbZrO^  and  the  Pb(Zr-Ti)0^ 

, x (2D 

and  (Ba-Pb)ZrO^  solid  solutions,  for  which  ample  dielectric  and  structural 

(22  ) 

evidence  has  been  given'*"  ' . 

In  conjunction  with  thi3  metastable  ferroelectric  state  theory,  it 

(12) 

is  interesting  to  note  that  R.  Rcy  obtained  a NaNbO^  compound  which  showed  no 
extra  lines  in  the  powder  photograph,  by  quenching  the  compound  near  its 
melting  point.  The  povrier  photographs  are  exactly  the  same  as  those  usually 
obtained  with  NaNbO^,  except  that  the  extra  lines  are  missing.  After  annealing 
the  quenched  NaNbOj  overnight  at  350°C,  the  extra  lines  reappear.  This 
quenched  phase  may  be  identical  with  the  induced  ferroelectric  phase  described 
above;  but  until  the  dielectric  properties  of  the  quenched  phase  have  been 
examined,  any  conclusion  would  be  premature. 

It  is  also  interesting  to  note  that  the  domain  movement  observed  by 


Vousden  can  be  explained  without  resorting  to  an  "induced  ferroelectricity" 
hypothesis.  If  the  dielectric  constants  of  a tetragonal,  non-polar  crystal 


Ab< 


differ  greatly  for  two  unique  crystallographic  directions,  a strong  electric 
field  can  create  large  energy  differences  in  domains  of  different  orientation. 
This  energy  difference  may  be  sufficiently  large  to  cause  a domain  boundary 
movement  in  such  a way  that  each  domain  is  aligned  with  the  direction  of  the 
larger  dielectric  constant  parallel  to  the  external  field.  The  energy  increase 
AW  may  be  calculated  from  the  equation 


AW  = -L  5 EdD  - -L  5 EdD  = 


<£a-  £c)E" 


A^ r 


An 


8n 


To  obtain  an  approximate  order  of  magnitude  of  AW,  we  take  E&-  1050, 

€ = 50,  and  E = 20  kv/cm,  giving 

AW  = 0.005  ^ • 

cnr5 

Such  an  energy  difference  is  equivalent  to  the  energy  of  a crystal  having  a 
spontaneous  polarization  of  lx  10^  coul/cm^  at  a field  of  20  kv/cm.  This 
condition  could  give  rise  to  the  domain  boundary  movement  observed  in  NaNbO^. 
The  dielectric  constants  of  crystalline  NaNbO^  are  of  the  same  order  as  those 
used  in  the  calculation!  and  since  the  orthorhombic  distortion  is  extremely 
small,  it  is  conceivable  that  the  domains  are  reoriented  in  a large  field. 
Such  a reorientation  due  to  the  induce!  polarization  could  also  lead  to  an 
anomalous  P vs.  E relationship  observed  on  the  oscilloscope. 


References. 


(1)  B.  T.  Matthias,  Phys.  Rev.  76,  160  (1949). 

(2)  B.  T.  Matthias,  Phys.  Rev.  72,  1771  (1949). 

(3)  P.  Vousden,  Acta  Cryst.  4>  373  (1951). 

(4)  J.  K.  Hulm,  B.  T.  Matthias  and  E.  A.  Long.  Phys.  Rev.  72»  885  (1950). 

(5)  B.  T.  Matthias  and  J.  Remeika,  Phys.  Rev.  82,  727  (1951). 

(6)  E.  A.  Wood,  Acta  Cryst.  4,  353  (1951). 

(7)  G.  Shirane,  H.  Danner,  A.  Pavlovic  and  R.  Pepinsky,  Phys.  Rev.,  in  press. 

(8)  P.  Vousden,  Acta  Cryst.  4»  545  (1951)* 

(9)  R.  Pepinsky,  Acta  Cryst.  2*  228  (1952). 

(10)  P.  Vousden,  Acta  Cryst.  2*  690  (1952). 

(11)  E.  Wainer  and  C.  Wetnvorth,  J.  Am.  Cer.  Soc.  25t  207  (1952). 

(12)  R.  Roy,  R.  C.  deVries,  D.  E.  Rase,  M.  W.  Shafer  and  E.  F.  Osborn, 

Second  Annual  Report  to  the  U.  S.  Army  Signal  Corps,  Contract  No. 
DA36-039-SC-5594.  July  15,  1953. 

(13)  F.  Jona  and  R.  Pepinsky,  Phys.  Rev.,  in  press. 

(14)  H.  Baumgartner,  Helv.  Phys.  Acta  22  651  (1950). 

(15)  S.  Roberts,  Phys.  Rev.  71,  890  (1947). 

(16)  L.  E.  Cross,  Paper  read  before  British  Institute  of  Physics  (1953). 
Information  obtained  through  private  communication  from  H.  Megaw  (1953). 

(17)  S.  Nagasaki  and  Y.  Takagi,  J.  Appl.  Phys.  Japan  i2»  104  (1948). 

(18)  C.  Sykes,  Proc.  Roy.  Soc.  (A)l42,  422  (1935).- 


r 


48. 

(19)  G.  Shirane  and  R.  Pepinsky,  Technical  Report  No.  5 to  the  Air  Research 
and  Development  Command,  Contract  No.  AF33(038)-12645»  October  1,  1952. 

(20)  G.  Shirane,  E.  Savaguchi  and  Y.  Takagi,  Phys.  Rev.  64,  476  (1951). 

(21)  G.  Shirane,  Phys.  Rev.  86,  219  (1952). 

(22)  G.  Shirane  and  S.  Hoshino,  Acta  Cryst.,  in  press. 


r 


r 


i 


i 1 


50. 


i 


Section  B: 

Specific  Heat  Measurements 
I,  Introduction 

One  important  phase  of  the  experimental  investigation  of  ferroelectric 
compounds  is  the  determination  of  their  specific  heats  as  a function  of  tempera- 
ture, These  measurements  are  significant  for  two  reasons.  First,  the  order  of 
the  ferroelectric  transition  can  sometimes  be  determined  from  the  shape  of  the 
specific  heat  anomaly,  which  accompanies  the  transition.  Moreover,  the  general 
form  of  the  anomaly  gives  some  indication  of  the  type  of  molecular  mechanism  in- 
volved. Second,  a knowledge  of  this  anomalous  behavior  enables  one  to  calculate 
the  change  in  energy  and  entropy  associated  with  the  transition.  These  quantities 
form  a necessary  part  of  the  experimental  data  needed  to  verify  any  theoretical 
treatment  explaining  the  phenomenon  of  ferroelectricity. 

In  some  instances  it  is  possible  to  distinguish  the  order  of  a ferro- 
electric transition  from  the  shape  of  the  CD  anomaly.  Such  a transition  may  be 
first  or  second  order.  Ideally,  a first  order  transition  manifests  itself  by  the 
appearance  of  a latent  heat, leading  an  infinite  value  of  Cp  at  the  transition 
temperature.  In  a transition  of  the  second  order  there  is  no  latent  heat,  and 
the  value  of  ACp  is  finite  (except  in  the  rare  case  where  the  energy  curve  has  a 
vertical  tangent  at  the  transition  temperature).  In  KI^PO^,  for  example,  Slater's 
theory ^ ^ predicts  a first  order  phase  change  at  the  transition  temperature.  Al- 
though the  corresponding  experimental  specific  heat  anomaly  shows  the  character- 

(2) 

istic  shape  of  a \-point  transition  (i.e.:  second  order),  ' the  sharpness  of  the 
anomaly  and  the  observed  large  value  of  & Cp  indicate  that  the  transition  is  very 
close  to  first  order. 
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Frequently,  however,  the  exact  shape  of  the  anomalous  portion  of  the 
specific  heat  curve  is  difficult  to  determine  experimentally.  The  form  depends 
to  some  extent  on  experimental  technique,  and  smaller  steps  in  changing  the  tem- 
perature lead  to  sharper  curves  and  higher  values  of  ACp.  In  addition,  inhomo- 
geneous samples  and  the  inability  to  maintain  a uniform  temperature  distribution 
throughout  the  sample  lead  to  broadening  of  the  anomaly.  This  is  particularly 
true  in  cases  where  the  latent  heat  is  small.  In  BaTiO^,  heat  capacity  measure- 
ments show  the  transition  at  120°C  to  be  of  the  second  order.  On  the  other  hand, 
experimental  data  on  the  spontaneous  electric  polarization^  and  optical  measure- 
ments^ clearly  indicate  a first  order  phase  change  at  this  temperature.  Conse- 
quently, in  this  case,  the  order  of  the  transition  cannot  be  determined  from  the 
specific  heat  measurements. 

In  contrast,  the  transition  energy,  AE,  and  the  associated  entropy 
change,  AS,  estimated  from  heat  capacity  measurements^ are  more  generally  reliable. 
The  total  energy  and  entropy  changes  over  the  transition  region  are  found  by  inte- 
grating the  Cp  vs  T and  the  Cp  vs  InT  curves,  respectively.  The  differences  be- 
tween these  values  and  the  "normal"  energy  and  entropy  changes  over  the  same  region 
give  AE  and  AS.  The  values  obtained  from  these  integrations  are  relatively  in- 
sensitive to  experimental  technique,  and  are  valid  irrespective  of  the  order  of 
the  transition. 

One  questionable  point  in  the  above  calculation  is  the  postulation  of 
a "normal"  specific  heat  curve  from  which  the  normal  energy  and  entropy  changes 
are  obtained.  However,  the  essential  correctness  of  this  assumption  is  illustrated 
in  the  case  of  KH2PO4.  In  his  theoretical  treatment  of  this  compound,  Slater 
predicts  a transition  entropy  change  of  0.69  cal/deg-mole.  The  entropy  change 
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observed  from  experiment  has  been  given  as  0.73  - .04  cal/deg-mole^^.  These 
results  show  excellent  agreement. 

The  value  of  the  transition  entropy  change  is  of  special  interest 
in  the  empirical  relation,  (Pm)^2  = CaS^),  relating  AS  with  Pm,  the 
maximum  spontaneous  polarization  reached  at  low  temperatures,  and  C,  the  Curie 
constant.  This  relation  is  valid  for  all  transitions  in  which  a single  free 
energy  function  may  be  used  both  above  and  below  the  transition  temperature. 
This  condition  includes  the  special  case  of  a ferroelectric  phase  change, 
irrespective  of  the  transition  order.  Both  the  quantities,  Pm  and  C,  can  be 
determined  experimentally;  and  consequently  any  one  of  the  above  three  quanti- 
ties may  be  calculated  indirectly  and  compared  with  experiment.  Comparisons 
of  results  based  on  the  above  relation  show  good  agreement  in  the  cases  of 
Kf^PO^  and  BaTiO^,  and  - to  a lesser  extent  - of  Rochelle  salt. 

An  important  application  of  the  transition  energy  in  the  case  of 
first  order  transitions  is  found  in  the  Clapeyron  equation,  dTc/dp  = TcAv/L. 
Here  the  dependence  of  the  transition  temperature  on  hydrostatic  pressure  is 
proportional  to  the  volume  change  at  the  transition  temperature  and  inversely 
proportional  to  the  latent  heat.  It  has  been  shown ^ that  the  quotient 
Av/L  may  be  approximated  by  the  ratio  AV/aE,  where  AV  is  the  total  volume 
change  integrated  over  the  same  temperature  range  used  in  computing  AE. 

Thus  we  again  have  a relation  connecting  three  experimental  quantities.  The 
calculated  and  experimental  values  for  the  shift  of  the  transition  temperature 
due  to  changing  the  hydrostatic  pressure  are  in  satisfactory  agreement  in  the 
case  of  BaTiO^. 

An  analogous  relation  for  second  order  transitions  is  given  by  the 
Ehrenfest  equation,  dTc/dp  = TcvaP/aC^,  where  v is  the  volume  and  Af!  is 
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the  value  of  the  discontinuity  in  the  thermal  expansion  coefficient  at  the 
transition  temperature,  Tc«  In  this  case,  however,  the  same  experimental 
difficulties  arise  in  the  measurement  of  as  with  Cp.  The  uncertainty  in 
assigning  definite  experimental  values  for  Ap  and  ACp  renders  the  utilization 
of  this  equation  less  reliable. 

One  accurate  and  reliable  method  of  measuring  the  specific  heats 
of  solids  at  low  temperatures  is  accomplished  by  the  use  of  an  adiabatic 
vacuum  calorimeter.  Essentially,  this  apparatus  allows  one  to  add  a measured 
amount  of  heat  electrically  to  a solid  sample,  which  is  thermally  insulated 
in  an  evacuated  space,  and  to  observe  the  temperature  rise  produced.  The 
specific  heat  is  then  computed  from  the  equation  Cp  = aQ/(T2~T^),  where  AQ 
is  the  heat  added  in  calories  and  Tj  and  T^  are  the  initial  and  final 
temperatures  of  the  sample,  respectively,  in  degrees  centigrade.  In  practice, 
the  amount  of  heat  added  is  small  so  that  Cp  thus  calculated  may  be  taken  as 
the  value  of  the  specific  heat  of  the  sample  at  the  temperature  (T^  + T2V2. 

A series  of  such  observations  for  consecutive  values  of  T^  enables  one  to 
plot  Cp  vs  T,  the  specific  curve  for  the  sample,  over  an  extended  range  of 
tempo ratures. 

II.  Apparatus . 

The  adiabatic  vacuum  calorimeter  constructed  in  this  laboratory 
is  similar  to  the  one  described  by  Southard  and  Brickwedde^) . It  was 
designed  to  determine  the  specific  heats  of  solid  compounds  between  90°K  and 
300°K.  The  apparatus  consists  of  the  calorimeter  proper^and  the  associated 
electrical  circuits  for  determining  and  controlling  the  temperature  and 
measuring  the  energy  added  to  the  substance  investigated.  Fig.  1 shows  a 
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Figure  1. 

Adiabatic  Calorimeter  for 
Specific  Heats  of  Solids 
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cross  section  of  the  calorimeter,  which  consists  of  three  principal  parts i 
the  inner  container,  the  adiabatic  shield,  and  the  vacuum  jacket. 

The  inner  container,  a cylindrical  can  1-7/32  in  diameter  and  2" 
deep,  is  made  of  copper  and  fitted  with  a re-entrant  oube  3/l6"  x 1-3/4"  in 
dimensions.  Twelve  radial  copper  fins  placed  vertically  inside  the  container 
aid  in  the  distribution  of  heat.  A small  hollow  flange  at  the  center  of  the 
removable  top  allows  the  container  to  be  connected  directly  to  the  vacuum 
line.  Thus  the  container  may  be  evacuated  and  then  filled  with  helium  to 
further  increase  its  thermal  conductivity.  The  weight  of  the  container  is 
approximately  61.5  gms  and  its  net  volume  is  32.5  cc. 

The  heating  element,  which  fits  into  the  re-entrant  tube  through  a 
hole  in  the  bottom  of  the  container,  was  constructed  as  follows.  Number 
40  B and  S D.S.C.  advance  wire  (30.99  ohms/ft),  impregnated  with  varnish, 

'a 

is  bifilarly  wound  in  124  turns  on  a small  copper  spindle  1-11/16"  in  length. 

After  varnishing  and  baking,  this  spindle  was  immersed  in  Wood's  metal  in 
a second  copper  tube.  This  second  tube,  the  heater  tube,  is  machined  to 
fit  snugly  into  the  re-entrant  tube,  assuring  good  thermal  contact  between 
the  heater  assembly  and  the  container.  The  total  resistance  of  the  completed 
heater  is  108  ohms. 

The  adiabatic  shield  form  is  made  in  three  sections.  The  side 
form,  made  of  copper,  is  3"  in  diameter  and  2-3/4”  high.  The  top  and  bottom 
forms  were  made  of  brass  in  the  shape  of  right  circular  cones.  Six  shield 
heaters,  two  on  each  form,  were  bifilarly  wound  in  a single  layer  using 
No.  36  B and  S D.S.C.  and  glass  insulated  advance  wire  (ll.9/ft),  and  seoured 
in  position  with  Gibbs  Bonding  Agent  R-313*  The  three  shield  sections  are 
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connected  together  by  means  of  two  bakelite  rings..  These  connections  are 
threaded  except  for  the  one  on  the  bottom  shield,  in  which  a bayonet  fit  is 
utilized  to  facilitate  easy  removal  of  the  bottom  shieldo 

Copper-constantan  difference  couples  are  employed  between  the 
adiabatic  shield  and  the  inner  container  to  indicate  temperature  differences 
between  the  two0  A schematic  diagram  of  the  difference  couple  arrangement 
is  shown  in  Figo  2.  A single  piece  of  constantan  thermocouple  wire,  with  a 
copper  lead  soldered  to  it  at  each  junction,  allows  comparison  of  the  tem- 
peratures of  any  two  of  the  junctions,.  As  a result  of  the  electrical  in- 
dependence of  the  shield  forms,  established  by  the  use  of  the  bakelite  connect- 
ing rings,  the  top,  side,  and  bottom  shield  junctions  are  soldered  directly 
to  the  forms o 

Junction  No.  4 is  insulated,  and  was  made  by  pressing  the  soldered 
connection  in  a thin  copper  envelope  lined  with  mica.  This  envelope  fits 
tightly  into  a phosphor-bronze  clip  which  is  soldered  to  the  side  of  the 
inner  container,.  Junction  No.  5 is  soldered  to  the  inner  surface  of  a second 
copper  envelope  which  encloses  the  wires  leading  from  the  heater  assembly. 

This  envelope  slides  into  another  clip,  one  ena  of  which  is  soldered  to  the 
bottom  of  the  container.  The  other  end  of  this  clip  is  held  in  position  by 
means  of  a removable  copper  screw  and  a tubular  nut  which  is  soldered  to  the 
bottom  edge  of  the  container.  By  tightening  the  screw,  the  envelope  is 
forced  into  good  thermal  contact  with  the  container.  This  arrangement  permits 
the  removal  of  the  container  without  disconnecting  the  heater  assembly  leads. 

The  vacuum  jacket,  made  of  brass,  is  4”  in  diameter  and  6~l/2B  tall. 

A copper  tube,  silver-soldered  into  a hole  at  the  center  of  the  removable 
top,  is  connected  to  a conventional  glass  vacuum  system  through  a copper- 
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to-glass  seal.  The  control  leads  (23 ) enter  the  system  through  a second  tube 
soldered  to  the  copper  tube  1”  above  the  jacket  top.  The  upper  section  of 
this  second  tube  was  made  of  stainless  steel  to  prevent  the  seal,  through 
which  the  control  leads  passed,  from  becoming  cold  and  cracking.  The  seal 
itself  was  made  by  recessing  a small  circular  disk  of  bakelite  in  the  upper 
end  of  the  stainless  steel  section.  Separate  holes  drilled  in  the  bakelite 
disk  allow  the  wires  to  enter  the  calorimeter  individually.  Melted  plicene 
was  poured  into  the  recess  and  allowed  to  hardened. 

A copper  ring,  2”  in  diameter,  was  soldered  to  the  inside  surface 
of  the  jacket  top.  The  control  leads  were  bundled  and  wrapped  in  four  turns 
around  this  ring,  to  permit  the  lowering  of  their  temperature  to  that  of 
the  bath  before  going  to  the  shield.  After  leaving  the  ring,  the  shield 
current  leads  (12)  were  separated  and  connected  to  the  shield  heaters.  The 
remaining  leads  (5  copper  difference  couple  leads,  2 current  and  2 potential 
leads  to  the  inner  heater,  and  2 absolute  couple  leads)  were  wrapped  (5  turtis) 
in  a single  layer  over  the  side  shield  heater  and  secured  with  Gibbs  Bonding 
Agent.  This  was  done  to  permit  raising  the  temperature  of  these  leads  to 
the  operating  temperature  of  the  shield  before  they  reach  the  inner  container. 
These  leads  enter  the  side  form  through  a l/4"  hole,  and  then  pass  through  a 
copper  envelope  which  fits  snugly  into  a clip  soldered  to  the  inner  surface 
of  the  side  form.  The  difference  couple  leads  then  go  to  their  respective 
junctions,  and  the  heater  control  leads  pass  through  the  clip  at  the  bottom 
of  the  container  (see  above)  before  reaching  the  inner  heater.  The  potential 
leads  were  divided  between  the  container  bottom  and  the  shield,  as  recommended 
by  Scott^). 
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The  shield  is  suspended  from  the  copper  ring  by  three  threads. 
Likewise , a thread  suspension  is  also  used  to  support  the  inner  container. 

To  remove  the  inner  container,  the  Wood's  seal  holding  the  vacuum  jacket  to 
the  jacket  top  is  broken  and  the  jacket  slipped  off.  The  bottom  shield  is 
then  removed  and  rotated  to  one  side.  The  heater  assembly  leads  are  then 
released  from  the  bottom  container  clip,  and  the  heater  assembly  is  slipped 
out  of  the  re-entrant  tube.  After  the  side  container  junction  is  removed  from 
its  clip,  the  threads  holding  the  inner  container  are  broken,  releasing  the 
container.  To  replace  the  container,  the  reverse  procedure  is  used. 

Figo  3 shows  a schematic  diagram  of  the  temperature  measurement 
and  energy  control  circuit.  A single  Leeds  and  Northrup  type  K-2  potentiometer 
is  used  to  measure  the  temperature  and  the  energy  added  to  the  inner  container. 
The  potential  across  the  inner  heater  is  measured  by  observing  the  potential 
drop  across  a voltage  divider,  while  the  current  through  the  inner  heater  is 
determined  by  measuring  the  voltage  drop  across  a standard  0.1  ohm  resister. 

Two  lead  storage  batteries,  connected  in  parallel,  serve  as  the  power  source 
for  the  inner  heater,  and  are  always  stablized  prior  to  an  actual  heating 
period  by  discharging  them  through  the  stabilizing  resistor. 

The  shield  control  circuit  is  shown  in  Fig.  4*  Only  three  of  the 
six  shield  heaters  are  used  in  this  manual  control  system,  the  other  three 
serving  as  spares.  The  three  heaters  in  use  are  connected  in  series.  The 
variable  rheostats,  connected  in  parallel  across  each  shield  heater,  provide 
coarse,  medium,  and  fine  control  of  the  current  through  the  corresponding 
heater.  The  total  resistance,  R,  of  the  combination  of  the  shield  heaters 
and  the  control  rheostats,  acts  as  a variable  resistance  of  0 to  1300  ohms. 


t 

j* 

L 

I 


61. 

The  current  for  the  shield  heaters  is  provided  by  a constant  current 
generator  shown  in  Fig.  5«  Three  6L6  pentodes  are  connected  in  parallel  to 
furnish  the  necessary  current  requirements.  The  total  current  available 
may  be  varied  from  120  ma  to  150  ma  by  varying  the  resistance  in  the  cathode 
circuit.  The  shield  heater  control  is  represented  by  the  load  resistance, 

R,  in  the  diagram.  This  method  of  supplying  the  shield  heaters  has  the 
advantage  of  essentially  independent  control  of  each  shield  heater.  For  a 
plate  current  of  120  ma,  a change  in  R of  from  0 to  750  ohms  produces  only 
a 6 l change  in  the  plate  current.  Thus  a small  adjustment  in  one  of  the 
shield  heaters  has  no  effect  on  the  settings  of  the  other  heaters.  The 
positive  side  of  the  generator  is  grounded,  to  keep  the  potential  at  any  point 
on  the  shield  heaters  as  near  ground  as  possible. 

The  galvanometers,  not  shown  in  the  diagrams,  are  used  in  conjunction 
with  the  control  apparatus.  The  first  is  used  for  measuring  the  temperature 
of  the  inner  container  and  the  energy  supplied  to  the  inner  heater.  Readings 
are  made  using  a telescope  and  an  illuminated  scale  approximately  two  meters 
from  the  galvanometer.  The  net  sensitivity  is  0.37  /iv/mra.  The  second 
galvanometer  is  used  as  a null  indicator  in  reading  the  difference  couples. 

In  this  case  a lamp  and  scale  are  used  with  an  optical  lever  of  about  8 
meters.  The  resulting  sensitivity  is  0.08  tcv/ mm.  A multiple  position  switch, 
mounted  on  the  heater  control  panel,  facilitates  quick  successive  readings 
of  the  difference  couples. 

III.  Experimental  Procedure. 


After  loading  the  inner  container  and  sealing  the  vacuum  jacket 
in  position,  the  latter  is  immersed  in  liquid  nitrogen,  which  serves  as  a 
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refrigerating  bath.  The  calorimeter  is  then  shut  off  from  the  vacuum  line 
and  partially  filled  with  helium  to  facilitate  rapid  cooling  of  the  inner 
container.  When  the  desired  temperature  is  reached,  the  helium  is  pumped 
out,  and  the  temperatures  of  the  shields  are  brought  to  the  temperature  of 
the  inner  container  by  adjusting  the  shield  heaters. 

When  equilibrium  has  been  established  --  that  is,  when  the  heat 
supplied  to  the  shields  counterbalances  the  radiation  losses  from  the  shields 
to  the  refrigerant  bath  — the  temperature  of  the  inner  container  is  recorded 
every  minute  for  a period  of  from  10  to  15  minutes.  This  establishes  the 
foredrift  . Energy  is  then  supplied  to  the  inner  container  for  a predetermined 
length  of  time.  During  this  heating  period,  three  potential  and  two  current 
readings  are  taken.  The  current  readings  are  taken  at  21$  and  79$  of  the 
heating  period (9),  while  the  potential  readings  are  taken  such  that  the  times 
of  their  observation  average  to  the  mid-time  of  the  heating  period. 

During  and  after  the  heating  period,  additional  heat  is  supplied 
to  the  shield  heaters  to  produce  a corresponding  temperature  rise  in  the 
shield.  The  amount  of  heat  added  is  determined  by  continuously  observing 


In  practice,  the  side  shield  is  kept  slightly  warmer  than  the  inner  container. 
This  is  done  to  offset  the  cold  drift  of  the  absolute  couple,  brought  about 
by  a cold  leak  along  the  leads  from  the  inner  container.  The  amount  of 
presetting  is  determined  to  give  a zero  drift  rate.  The  heat  transfer  be- 
tween the  shield  and  the  inner  container  under  these  conditions  is  disregarded 
on  the  assumption  that,  at  a given  temperature,  this  transfer  is  reproducible, 
and  hence  may  be  included  in  the  calibration  of  the  apparatus. 
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the  difference  couple  readings.  When  equilibrium  is  again  reached  (i.e.t  a 
zero  drift  rate  is  obtained),  this  time  at  a higher  temperature,  the  temperature 
of  the  inner  container  is  recorded  as  before.  This  establishes  the  afterdrift, 
which  also  serves  as  the  foredrift  of  the  next  heating  period.  The  above 
procedure  is  then  repeated  and  in  this  manner  a series  of  "runs"  are  taken. 

In  this  method,  each  heating  period  yields  one  point  on  the  specific 
heat  curve.  For  a given  heating  period,  the  energy  in  calories  added  to  the 
inner  container  is  given  by  AQ  = aEIt/J,  where  E is  the  average  of  the  three 
voltage  readings  in  volts,  I is  the  average  of  the  current  readings  in  amperes, 
t is  the  length  of  the  heating  period  in  seconds,  and  J is  the  mechanical 
equivalent  of  heat.  The  factor,  a,  (a  = 0.9966)  is  a constant  and  appears 
since  a fraction  of  the  current  fed  to  the  inner  heater  passes  through  the 
voltage  divider  (see  Fig.  3). 

In  general,  the  slopes  of  the  fore-  and  afterdrifts  are  determined 
and  extrapolated  to  the  mid-time  of  the  heating  period.  This  determines 
T^  and  T2>  the  initial  and  final  temperatures,  respectively,  in  microvolts. 

In  the  special  case  of  zero  drift,  the  values  of  T-^  and  T2  are  directly 
observed.  These  values  are  then  corrected,  using  the  absolute  couple  curve, 
and  subsequently  converted  into  °K  using  a standard  copper-constantan 
reference  table.  The  difference,  AT  = T^  - T^,  is  the  temperature  rise 
produced  during  the  heating  period.  The  quotient  AQ/AT  represents  the 
average  specific  heat  of  the  system  over  the  temperature  interval  T2  - T^ 
in  cal/°K.  Since  AT  is  generally  small,  usually  1-4°K,  this  quotient  may  be 
taken  as  the  value  of  the  specific  heat  of  the  system  at  the  temperature 
T = (T-L-T2V2. 


j 


■ 


65 


The  consecutive  points,  calculated  in  this  manner,  give  the  specific 
heat  curve  of  the  system.  The  difference  between  this  curve  and  the  calibration 
curve  of  the  apparatus  (i.e.,  the  specific  heat  curve  of  the  empty  contained) 
is  the  specific  heat  curve  of  the  substance  investigated,  in  cal/°K  per  weight 
of  sample.  Multiplying  by  M/m,  where  M is  the  molecular  weight  of  the  substance 
and  m is  the  weight  of  the  sample,  gives  the  specific  heat  data  in  the  more 
conventional  form  of  cal/°K-mole. 

A second  method  for  obtaining  the  specific  heat  curve,  using  the 
above  apparatus,  is  called  the  continuous  heating  method.  In  this  case 
energy  is  continuously  added  to  the  sample,  and  the  times  necessary  to  produce 
equal  consecutive  rises  in  temperature  are  observed.  The  sample  is  cooled 
as  before?  and  after  the  desired  starting  temperature  is  reached,  the  shields 
are  roughly  balanced  against  the  inner  container.  Energy  is  then  supplied  to 
the  inner  container,  and  the  shield  heaters  are  adjusted  so  that  the  rates  at 
which  the  shields  and  the  inner  container  increase  in  temperature  are  equal. 
Again,  any  undetected  energy  transfer  between  the  shield  and  the  inner 
container  is  assumed  to  be  systematic,  and  may  be  included  in  the  calibration 
of  the  apparatus  under  the  same  conditions. 

When  the  equal  heating  rates  of  the  inner  container  and  the  shield 
have  been  established,  the  time  necessary  to  produce  a temperature  rise, 

AT  = T2~T^,  is  obtained  by  observing  the  continuous  drift  of  the  absolute 
couple.  The  value  in  microvolts,  corresponding  to  the  temperature  T^ , is 
set  on  the  potentiometer.  When  the  deflection  of  the  temperature  galvanometer 
passes  through  its  zero  point,  the  time  is  recorded.  The  value  of  T2  is 
then  set  on  the  potentiometer,  and  the  time  of  zero  deflection  is  recorded. 
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This  procedure  is  repeated  for  a predetermined  set  of  T^'s.  From  the  relation 
0^  = aEIt/JAT,  the  differences  of  these  times  are  proportional  to  the  specific 
heat  of  the  system  at  the  corresponding  temperatures  Tj_  + AT/2.  In  practice, 

AT  is  chosen  a constant  (usually  1°K  or  2°K).  Frequent  readings  of  the  voltage 
and  current  are  taken  during  the  run.  The  plots  of  these  values  give  E and  I 
, as  functions  of  temperature,  from  which  the  values  of  E and  I can  be  directly 

read  for  any  given  time  interval. 

The  advantage  of  the  continuous  method  is  the  speed  with  which  a 
substance  can  be  investigated.  The  entire  temperature  range  of  the  apparatus 
can  be  covered  in  from  four  to  ten  hours,  depending  on  the  heating  rate 
employed,  whereas  in  the  stepwise  method  a single  run  takes  from  15  to  30 
minutes.  The  continuous  method,  however,  is  the  less  accurate,  in  the  sense 
that  the  resulting  specific  heat  curve  is  displaced  due  to  heat  lag,  and  the 
anomalies  tend  to  be  broadened  with  lower  values  of  AC  . 


IV.  Results 

A partial  calibration  of  the  apparatus  between  90°K  and  160°K  was 
made  by  running  approximately  twenty  heating  periods  in  four  separate  series. 
The  experimental  values  of  C^,  given  in  cal/°K  per  weight  of  container,  are 
tabulated  in  Table  I and  plotted  as  a function  of  temperature  in  Fig.  6. 

The  extrapolated  curve  gives  a value  of  approximately  6 cal/°K  for  the  heat 
capacity  of  the  container  at  room  temperature. 
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TABLE  I 

Specific  Heat  of  the  Inner  Container 
between  90°K  and  160°K 


T°K 

Cp»cal/°K 

T°K 

Cp*cal/°K 

T°K 

Cp>cal/°K 

88.2 

3.29 

109.1 

4.09  | 

132.9 

4.72 

89.5 

3.38 

114.4 

4.26 

136.4 

4*84 

95.5 

3.61 

120,6 

2.42 

136.5 

4.85 

96.5 

3.65 

127.2 

4.61 

145.8 

4.99 

102.2 

3.86 

130,6 

4.70 

151.7 

5.12 

103.0 

3.89 

131.0 

4.69 

153.1 

5.12 

108.5 

4.10 

132.9 

4.76 

160.9 

5.20 

To 

check  the  operation  of  the  apparatus. 

both  the  continuous 

method  and  the  stepwise  method  were  used  to  determine  the  specific  heat 
of  through  its  transition  region.  All  measurements  were  made  on  a 

single  calorimeter  loading  of  39.00  gm  or  0.2866  mole.  The  molecular  weight 


V 

of  KHoP0.  was  taken  to  be  136.10  gm.  The  results  of  these  measurements  ere 
t 4 

presented  in  Tables  II  and  III,  and  graphically  in  Figs.  7 and  8. 


TABLE  III 


Specific  Heat  of  KH2PO4  between  90°K  and  145°K 
(Stepwise  Method) 


T°K 

Cpcal/°K-mole 

T°K 

CpCal/°K-mole 

T°K 

C cal/°K-mole 
P 

89.1 

13.33 

115.1 

17.55 

122.9 

40.14 

90.7 

13.65 

115.3 

18.11 

123.39 

46.31 

92.2 

13.96 

115.6 

17.45 

123.43 

48.16 

95.2 

14.06 

116.8 

19.13 

123.5 

65.68 

98.1 

14.27 

118.0 

20.07 

124.2 

22.20 

100.6 

14.80 

118.9 

20.31 

124.70 

19.30 

100.9 

14.90 

119.1 

20.56 

124.71 

18.88 

103.7 

15.01 

119.4 

21.46 

125.2 

18.04 

105.2 

14.55 

120.4 

22.27 

125.4 

16.51 

106.5 

14.90 

120.8 

23.28 

126.8 

17.94 

109.7 

15.15 

121.1 

25.23 

127.0 

17.24 

111.0 

15.77 

121.4 

24.46 

128.1 

17.00 

112.1 

16.33 

121.6 

23.94 

131.4 

18.01 

113.3 

16.96 

122.1 

28.02 

136.0 

18.60 

114.5 

18.22 

122.2 

29.73 

139.7 

18.71 

122.8 

36.92 

144.4 

19.02 

I 


Figure  7 

Specific  Heat  of  KH2PO4  between  100°K  and  140°K 
(Continuous  Method) 


Figure  8 

Specific  Heat  of  KH-jPO^  between  95°K  and  140°K 
(Stepwise  Method) 
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For  the  stepwise  measurement  of  KI^PO^,  the  average  heating  rate 

over  the  temperature  interval  from  100°K  to  140°K  was  0.5  deg/min.  The 

transition  appears  at  127. 5°K,  which  is  approximately  5«5°K  above  that 

(2} 

reported  by  Stevenson'  . The  values  of  the  transition  energy,  AE,  and  the 
associated  entropy  change,  AS,  are  77  cal/mole*  and  0.62  cal/deg-mole, 
respectively.  At  least  part  of  the  discrepancy  in  the  Curie  temperature  may 
be  attributed  to  the  thermal  lag  inherent  in  the  rapid  heating  of  the  sample. 
This  conclusion  is  substantiated  by  the  results  of  a second  continuous 
determination  of  Cp,  using  a slower  heating  rate  (0.25  deg/min).  In  this 
case,  the  transition  temperature  was  shifted  to  125°K,  and  the  value  of 
ACp  was  slightly  higher. 

As  already  indicated,  Table  III  lists  the  experimental  values  of 
Cp  for  KHgPO^  from  90°K  to  145°K,  as  determined  by  the  stepwise  method.  Here 
the  data  was  obtained  by  running  approximately  fifty  heating  periods  in  five 
separate  series.  The  transition  temperature  appears  at  123«5°K,  and  the 
value  of  ACp  is  considerably  larger.  The  values  of  AS  = 5 (ACp/T)dT  and 


In  the  continuous  method,  the  value  of  AE  in  cal/mole  is  estimated  from  the 
relation 

AE  = H[(t  -t  ) - ^(T-l-T  )]  M . 

J xo  AT  0 m 

Here  Ti-T0  is  any  temperature  interval  which  includes  the  anomaly,  t^  and  tQ 
are  the  times  at  the  temperatures  Tj  and  T0,  respectively,  and  At  is  the 
average  nc-mal  time  necessary  to  m-oduce  the  temperature  rise  AT  over  the 
interval.  V is  tne  average  voltage  and  I is  the  average  current  over  the  interval, 

J is  the  mechanical  equivalent  oi  neat,  and  m and  M aiw  the  weight  and  the 
molecular  weight  of  the  sample,  respectively.  Thus  the  first  term  represents 
the  total  energy  added  to  the  sample  in  raising  its  temperature  from  TQ  to  T^» 
and  the  second  term  is  the  value  of  the  normal  energy  required  to  raise  the 
sample  through  the  same  temperature  interval. 


74. 


AE  = 5 (ACp)dT,  determined  by  the  graphical  integration  of  the  Cp  vs  T curve 
shown  in  Fig.  8,  are  0.72  cal/deg-mole  and  87  cal/mole,  respectively.  These 
values  are  in  good  agreement  with  those  reported  by  Stevenson  (i.e.t  AS  = 

0.73  - *04  cal/deg-mole  and  AE  = 86.5  - 4.5  cal/mole). 

The  next  substance  investigated  was  KNbO^.  Dielectric  measurements 
on  this  compound  by  Matthias  and  Remeika^^^  revealed  a ferroelectric  transition 
at  435°C  and  a second  transition  at  225°C.  Above  the  Curie  point  the  structure 
is  cubic  perovskite^l) , which  transforms  on  cooling  to  a tetragonal  structure 
and  then  to  an  orthorhombic  structure  at  the  above  two  transition  points. 

The  existance  of  a third  transition  in  KNbO^  has  been  shown  by  dielectric 

(to  ) 

measurements  ' carried  out  in  this  laboratory.  Here  the  transition  temperature 
occurs  at  -55°C  on  cooling  and  -10°C  on  heating*.  The  structure  change  is 
from  orthorhombic  above  the  transition  to  rhombohedral  below.  Thus  the  three 
transitions  of  KNbO^  are  related  to  the  phase  transitions  in  BaTiO^  at  120°C, 

0°C,  and  -80°C^6^. 

To  compare  further  the  transitions  in  these  two  substances,  the 
specific  heat  of  KNbO^  between  -100°C  and  10°C  was  investigated.  All  measure- 
ments were  made  on  a 50.34  gm(0.2797  mole)  ceramic  sample.  The  molecular 
weight  was  taken  to  be  180.0  gm.  Three  continuous  determinations  of  Cp,  one 
of  which  is  tabulated  in  Table  IV,  show  the  transition  temperature  to  be 
-11°C.  The  average  value  of  AE  estimated  from  these  measurements  is  32  cal/mole, 
and  the  corresponding  entropy  change  is  0.12  cal/deg-mole.  This  value  of  AE 
is  approximately  three  times  as  large  as  the  corresponding  value  of  AE  for 


The  values  of  Tq  given  here  are  for  a ceramic  sample.  The  transition 
temperature  for  single  crystals  appears  at  -35°C  on  heating. 
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Table  IV 


Specific  Hent  of  KNbO-j  between  200°K  and  280°K 


T°K 

Cp, cal/°K-mole 

T°K 

Cp, cal/°K-mole 

T°K 

Cp,  cal/°K-mole 

200.5 

20.12 

J * f\  * 

m s 

23.74 

262.5 

27.49 

202.5 

20.37 

242.5 

23.99 

263.5 

27.46 

204.5 

20.94 

244.5 

23.88 

264.5 

27.75 

2Uo,5 

20.84 

245.5 

24.18 

265.5 

26.24 

208.5 

21.09 

246.5 

23.87 

266.5 

26.78 

210.5 

21.37 

247.5 

24.18 

267.5 

26.74 

212.5 

21.01 

248.5 

24-74 

268.5 

26.12 

214.5 

21.27 

249.5 

24.45 

269.5 

26.46 

216.5 

21.48 

250.5 

24.99 

270.5 

26.10 

218.5 

21.77 

251.5 

24.99 

271.5 

26.10 

220.5 

21.73 

252.5 

25.56 

272.5 

26.06 

222.5 

21.92 

253.5 

25.85 

273.5 

26.35 

224.5 

22.27 

254.5 

25.81 

274.5 

26.05 

226.5 

22.47 

255.5 

26.78 

275.5 

26.35 

228.5 

22.69 

256.5 

26.67 

276.5 

26.35 

230.5 

22.73 

257.5 

27.28 

277.5 

26.35 

232.5 

22.66 

258.5 

27.53 

278.5 

26.64 

234.5 

22.95 

259.5 

27.82 

279.5 

26.35 

236.5 

22.91 

260.5 

27.78 

280.5 

26.64 

238.5 

23.45 

261.5 

28.07 

281.5 

26.64 

p ■ I 
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BaTiO^  at  its  lowest  transition.  This  result  is  consistent  with  the  comparison 
between  these  two  compounds  at  their  other  two  transitions.  The  larger  values 
of  AE  in  KNbO^,  as  compared  with  those  in  BaTiO^,  are  attributed  to  the  larger 
lattice  distortions  in  the  former.  Fig.  9 shows  a plot  of  for  KNbO^  as  a 
function  of  temperature. 

The  determination  of  of  KNbO^  by  the  stepwise  method  was  not 
satisfactory.  The  general  shape  of  the  curve  was  irregular;  and  although 
positive  evidence  of  an  anomaly  was  indicated,  the  choice  of  a normal  curve 
was  rendered  unreliable.  This  situation  may  be  attributed  to  the  large 
temperature  hysteresis  exhibited  by  KNbO^  at  this  transition.  Thus,  non- 
isothermal  absorption  of  heat  could  cause  different  portions  of  the  sample 
to  appear  to  change  phase  at  different  temperatures. 

Recently  Cook  and  Jaffe(l3)  reported  a new  ferroelectric, 
which  shows  a Curie  temperature  at  about  170°K.  These  results  have  been 
confirmed  in  this  laboratory^)  by  dielectric  measurements  on  ceramic  samples. 
In  addition,  the  probable  existence  of  a second  transition  is  indicated  at 
85°K.  The  crystal  structure^^)  0f  this  compound  is  face  centered  cubic 
above  the  Curie  point. 

Theoretically,  a small  specific  heat  anomaly  in  Cd2Nt>20^  is  predicted 
by  the  relation  (l/2)p^  = CaS.  This  equation  may  be  rewritten  in  the  form 
AS  = where  M is  the  molecular  weight  in  grams  and  p is  the  density 

in  gm/cc  — — giving  AS  in  cal/deg-mole  when  P^  is  given  in  /ucoul/cm^.  Taking 
the  values  C = 4000°K  and  P^2  /ucoul/cm^ , ^)  we  have,  AS~0.009  cal/deg-mole 
and  AE~TCAS~2  cal/mole.  The  value  of  the  density  p was  taken  to  be  6 gm/cc. 

The  determination  of  the  specific  heat  of  082^20^  between  130°K 
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FIG.  9 


SPECIFIC  HEAT  OF  KNbOs  BETWEEN  200°K  AND  280°K 
( CONTINUOUS  METHOD  ) 
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and  210°K  is  now  in  progress.  All  experimental  determinations  of  obtained 

thus  far  have  been  conducted  using  a ceramic  sample  of  66.15  gm  or  0.1266  mole 

(M  = 522.6  gm).  Four  separate  continuous  determinations  of  Cp,  using  heating 

rates  of  0.5  deg/min  and  0 025  deg/mi n,  show  no  indication  of  an  anomalous 

behavior  in  the  above  temperature  range.  The  values  of  Cp  for  one  of  these 

runs  is  listed  in  Table  V and  plotted  as  a function  of  temperature  in  Fig.  10. 

Preliminary  values  of  Cp  for  CdgNbOy  obtained  by  the  stepwise  method 

are  tabulated  in  Table  VI  and  plotted  in  Fig.  11.  In  this  case,  the  specific 

heat  curve  shows  irregular  behavior  at  T ~160°K  and  Tcrl74°K,  indicating  the 

possibility  of  a transition  in  this  region.  However,  the  reality  of  this 

anomalous  behavior  is  extremely  doubtful.  ACp  is  approximately  4 percent 

of  the  normal  value  of  C , which  is  only  slightly  larger  than  uhe  limit  of 

P 

accuracy  of  the  apparatus.  In  addition,  the  transition  temperature  is  consider- 
ably lower  than  T predicted  by  the  above  dielectric  measurements.  The  apparent 
c 

value  of  AE  between  154  K and  164  K is  approximately  5 cal/iaole.  Further 

measurements  are  in  progress  to  check  this  result. 

Up  to  this  point,  no  comment  has  been  made  concerning  the  accuracy 

of  the  results.  The  absolute  values  of  C_  for  KH~P0,  outside  the  transition 

P 2 u, 

region  are  8 to  10  percent  higher  than  those  reported  by  Stevenson.  No 
attempt  has  been  made  to  compute  this  correction.  It  is  possible  that  a more 
precise  calibration  of  the  apparatus  will  reduce  this  discrepancy.  Experiment- 
ally, the  relative  correlation  of  the  values  of  Cp  in  a given  run  is  - 2 percent 
to  - 3 percent.  That  is,  the  data  is  a given  determination  lie  on  a smooth 
curve  to  within  these  limits.  The  measurement  of  the  temperature  rise 


produced,  AT,  accounts  for  most  of  this  inaccuracy.  The  resultant  accuracy 


79 


Table  V 

Specific  Heat  of  Cd2Nb207  between  140°K  and  200°K 
(Continuous  Method) 


T°K 

Cp, cal/°K-mole 

T°K 

Cp, cal/°K-mole 

141.0 

73.26 

172.0 

40.69 

143.0 

34.17 

174.0 

41.83 

145*0 

34.25 

176.0 

41. 44 

147.0 

34.65 

178.0 

42.31 

148.5 

35.55 

180.0 

42 .86 

151.0 

35.91 

182.0 

42.66 

153.0 

36.70 

184.0 

43.53 

154.5 

37.60 

186.0 

43.77 

157.0 

37.65 

188.0 

44.28 

159.0 

38.16 

190.0 

45.54 

161.0 

38.67 

192.0 

45.39 

163.0 

39.19 

194.0 

45.67 

165.0 

39.27 

197.0 

46.61 

167.0 

40.10 

199.0 

46.14 

170.0 

41.24 

H - 


o 


I 
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Figure  10 

Specific  Heat  of  Cd 2^207  between  140°K  and  200°K 
(Continuous  Method) 


Figure  11 

Specific  Heat  of  Cd2Nb207  between  130°K  and  200°K 
(Stepwise  Method) 
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depends  not  only  on  the  value  of  AT , but  also  on  the  value  of  T , due  to  the 
temperature  characteristics  of  the  absolute  couple. 

However,  neither  of  the  above  errors  seriously  affect  the  experimental 
value  of  AE  (and  therefore  AS).  As  pointed  out  the  chief  source  of  error  in 
the  determination  of  AE  lies  in  the  selection  of  the  normal  Cp  curve.  The 
choice  of  several  possible  normal  curves  for  both  H^PO^  and  KNbO^  indicates 
that  the  values  listed  for  AE  are  accurate  to  within  - 10  percent. 
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A System  for  the  Measurement  cf  Slectrc-Acoustic 
Efficiencies  or  Underwater  Trarsducersc  III 


This  report  is  the  third  in  a cerise  dealing  with  the  problem  of 
evaluating  ferroelectric  cerarrd.cs  with  rosmct  to  their  use  &z  electro- 


acoustic transducers.  The  present  report  v li  describe  the  state  of  the  pro- 


gram at  present.  References  to  the  first  two  reports  will  be  denoted  by  (I) 
and  (II)  when  necessary.  All  references  to  the  literature  are  listed  at  the 
end  of  the  report, in  the  order  in  which  they  occur. 


1 . Intr  eductr-or-. 

The  increased  use,  witlan  the  last  few  years,  of  electro-acoustic 
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lix-y  of  investigating  other  new- 
e therefore  undertaken  a study  ao- 
signed  to  ev&laate  the  relati  ve  merit r.  of  ,n.:  ferroeiectrics  in  transdu- 

cer use,  and  to  develop  a basis  for  ".vocsicj;  the  proper  conditions  of  temper- 
ature, pressure,  added  select  d iapuritie  , etc.  to  be  used  in  the  formation 
from  a parti •■ular  ferroelectric  of  .•  raiv  transducers.  The  criteria  by 
which  a transducer  should  be  eraluatod  depend  in  general  on  the  .specific 
applications  of  the  transducer.  However,  the  concept  of  efficiency  of  ener- 


gy  transfer  from  electrics.  tc  form  is  a qp£i j ^ rurally  usofu 
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We  shall  use  it,  to- 


criterion  and  is  important  for  practical  purposes, 
gether  with  transducer  input  impedance,  as  bases  for  evaluation. 

Measurements  of  electro-acoustic  efficiency  and  transducer  im- 
pedance will  give  immediate  answers  as  to  the  suitability  of  a particular 
ferroelectric  and  its  method  of  preparation  in  ceramic  form;  but  the  sclid- 
state  mechanism  leading  to  the  observed  results  will  not  be  elucidated  by 
these  measurements.  To  explain  the  observed  behavior  of  a particular  ferro- 
electric transducer,  extended  and  specific  measurements  on  sources  of  elec- 
trical and  acoustical  energy  losses,  as  well  an  of  elastic  constants,  piezo- 
coeffieienbs,  etc.,  will  have  to  be  ’undertaken  with  single  crystals  of  the 
ferroelectric  as  well  as  with  the  ceramic  form..  Such  a study  wil?  eventu- 
ally be  necessary  and  will  in  itself  form  a major  project. 

II.  General  Method. 

The  general  method  of  undertaking  measurements  of  electro-acoustic 
efficiencies  of  transducers  ins  al-eady  been  discussed  in  (I),  but  will  be 
outlined  again  here  for  purposes  of  continuity.  Essentially,  electrical 
energy  is  supplied  to  a transducer  by  means  of  an  alternating  voltage  im- 
pressed ai-rcss  its  electrodes,  and  the  transducer  is  set  into  a meoaanical 
vibration  through  the  electromechanical  couple ng  due  to  the  piezoelectric 
properties  of  the  ferroeleotri  By  pia  lr.g  the  vibrating  transducer  in 
contact  with  a medium  •*  in  oar  .ase,  water  - acoustic  wa-es  are  set  up  ir. 
the  medium.  The  problem  then  becomes  on>'  of  measuring  the  electrical  power 
input  to  the  transducer  arid  the  acoustical  power  output.  Under  various  re- 
strictions to  be  discussed  later,  -he  ratio  of  these  two  quantities,  the 
electro-acoustic  efficien  y,  an  then  be  -alrulated,  ana  this  servos  as  an 
index  of  relative  performance  among  various  ferroelectrics  ana  onditions 
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of  ceramic  preparation.  The  input  electrical  impedance  of  the  transducer 
can  be  obtained  simultaneously,  and  is  also  valuable  as  an  index. 

Water  was  choosen  as  the  medium  of  acoustic  propagation  in  order 
to  afford  a means  of  making  transducer  measurements  under  conditions  simi- 
lar to  those  met  in  actual  application,  as  well  as  on  the  basis  of  its  be- 
ing an  experimentally  convenient  medium  - more  so  than  air.  The  method  of 
measuring  acoustic  power  output  depends  on  the  chosen  frequency  range  cf 
operation,  which  in  turn  is  dictated  to  some  extent  by  instrumentation  com-’ 
plexities  and  available  laboratory  space  for  the  tank  holding  the  water, 
as  well  as  by  the  frequency  intervals  covered  in  practical  applications. 

On  the  basis  of  these  considerations,  an  initial  frequency  range  of  60  kc/se  . 
to  1 mc/sec  was  selected.  Within  this  range  the  tank  holding  the  water  :an 
be  limited  to  a reasonable  size  and  a single  instrumental  set-up  can  be  used. 
Even  in  this  frequency  range  pulse  operation  of  the  transducer  must  be  em- 
ployed for  some  measurements,  at  least,  in  order  to  overcome  difficulties 
produced  by  reverberation  in  the  tank. 

Pulsed  and/or  continuous  wave  electrical  energy  is  supplied  to  the 
transducer  through  a calibrated  network  by  means  of  an  oscillator  and  power 
amplifier.  The  power  so  supplied  is  calculated  from  measurements  of  voltag. 
amplitudes  and  phases  at  points  of  the  calibrated  network,  and  the  input, 
electrical  impedance  of  the  transducer  can  be  calculated  from  the  same  se4 
of  measurements . Acoustic  power  is  obtained  from  indirect  measurements  r,f 
pointwi3e  intensities  in  the  beam,  and  integration  of  these  intensities  over 
the  solid  angle  covered  by  the  beam.  The  intensities,  in  turn,  are  obtained 
from  measurements  of  acoustic  pressures  in  the  beam.  These  are  ms.de  with  a 
microphone  utilizing  a small  pressure-sensitive  element  of  barium  titanate. 

This  brief  resume'  of  the  general  method  will  be  expanded  in  more 
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detail  in  the  following  section, 


ULx  Theory . 

The  mechanical  action  of  a ferroelectric  ceramic  transducer,  re- 
sulting from  the  application  of  an  alternating  electrical  potential,  is 
forthcoming  only  if  the  ceramic  has  been  previously  or  is  simultaneously 
polarized  by  a D.C.  biasing  field.  The  electrically  pciar  domains  existing 
in  the  many  randomly  oriented  single  crystals  constituting  the  cerani:  are 
partially  oriented  by  this  means  to  give  a component  of  polarization  in  the 
direction  of  the  field.  This  component  can  be  made  to  remain  even  after  the 
biasing  field  is  removed.  If,  then,  an  alternating  field  is  applied  to  the 
transducer,  a reversible  linear  strain  occurs  (in  addition  to  the  strain 
resulting  from  the  domain  orientation),  which  is  due  to  the  first-order 
piezoelectric  effect  accompanying  the  ferroelectricity  of  the  substance  in 
question. 


Since  the  alternating  strains  produced  in  the  ceramic  transducer 
are  linear  functions  of  the  applied  field  and  external  stresses,  the  trans- 
ducer is  a linear  passive  one  transforming  input  electrical  voltage  and 
current  into  output  mechanical  pressure  and  velocity.  Such  a transducer 
can  be  treated  as  a four-terminal  network,  a viewpoint  which  will  exhibit 
the  role  of  electro-acoustic  efficiency  without  necessitating  at  the  pre- 
sent a detailed  analysis  of  the  transducer  motion  by  use  of  equations  of 
motion,  piezoelectric  equations,  etc.  We  can  represent  the  four- terminal 
network  as  is  shown  in  Fig.l.  The  symbols  have  the  following  meanings, 

Eq  is  the  open  circuit  voltage  of  an  electrical  generator. 

Z is  the  generator  and  series  impedance  external  to  the 

® transducer. 

I is  the  current  flowing  into  the  transducer. 


**  tixuril 


the  output  mechanical  velocity  of  the 


is  the  acoustic  radiation  impedance  presented,  tc 
transducer  by  the  medium  with  which  one  fa  e .is  i 
tact  (we  assume  no  radiation  from  the  other  fa  -e) 


The  theory  of  linear-  four-terminal  networks  tells  us  1 ha 


The  nature  of  the  quantities  Z-u,  k,  k* , Z an  be  elucidated  by  -ansideri.ng 


two  special  cases.  First  imagine  the  transducer  to  be  lamped  so  ’’ha1 
Then  Z,  = (E0  - IZ_)/l,  and  Z,  is  seen  to  be  a purely  electrical  impe.- 


known  as  the  blocked  impedance.  Next,  consider  the  input  terminals  'o  be 


open-circuited  while  a force,  f,  is  applied  to  the  face  of  +he  transducer 


v,  so  that  Z is  an  open  circuit,  purely  me  ‘hand  -al 


Then  1=0,  and  Z 


impedance.  The  quantities  k and  k*  are  electron?  rhan!  cal  cupllcg  *o.u.sta, .t? 


Equations  (l)  lead  to 


We  can  see  that  the  driving  point  or-  input  impeda 


two  parts:  the  blocked  impedance,  and  a motional  impedance  which  is  a 


trice 1 impedance  developed  by  the  mechanical,  motion 


impedance  depends  on  the  dielectric,  constant  a.nd  physical  dime- 


transducer.  The  motional  impedance  depend?  or  the  dieie 


and  elastic  constants  of  the  transducer  materia..,  ani 


impedance  - on  the  acoustical,  properties  cf  fhe  medium 


energy  is  radiated.  One  can  also  sho 


cy,  the  ratio  of  acoustical  power  output  to  electrical  power  inp> 


represented  by  the  following  express! or 


where t ry  and  are  the  real  and  imaginary  parts  of  Z , 


ro  xo  " " " a " " " z0  9 

Itp  and  ■ » ■ ■ ■ k , 

k»  and  k£  " ■ * D » “ » k», 

r^  is  the  real  part  of  Z^» 


The  formulae  for  electro-acoustic  efficiency  (eq.  3)  and 
input  electrical  impedance  (eq.  2)  show  that  either  of  these  two 
quantities  will  indicate  which  ferroelectries  and  methods  of  ceramic 
preparation  combine  large  electromechanical  coupling  constants  with 
low  electric  and  acoustic  losses.  This  statement  assumes  that  the 
transducers  being  compared  possess  the  same  radiation  impedance,  a 
condition  which  can  be  substantially  satisfied  by  keeping  the  ratio 
of  transducer  circumference  to  acoustic  ware  length  in  water  suffi- 
ciently large  An  important  point  to  be  noted,  however,  is  that 
either  of  the  two  criteria  mentioned  do  not  separate  unambiguously 
the  influences  of  coupling  constants  from  those  of  losses.  In  other 
words,  the  methods  we  propose  to  use  are  capable  of  giving  rapid 
comparative  evaluations,  but  an  inquiry  into  complete  mechanisms  must 
lead  to  a more  difficult  and  time— eonsunf .g  program  of  measuring 
piezoelectric,  elastic,  and  electric  constants  of  the  transducers  as 
well  as  of  single  crystals.  Such  a program  would  be  advisable  after 
the  present  approach  has  picked  out  those  ferroelectries  and  methods 
of  preparing  ceramics  which  are  of  particular  interest. 


We  can  now  describe  the  methods  employed  to  measure  electro1 


acoustic  efficiency  and  input  impedance.,  ana  acoustical  output  power 


the  three  basic  quantities  in  which  we  are  Interested.  Details  of  the 


instrumentation  are  reserved  for  a later  section 


Because  of  the  large  dielectric  constants  of  ferroelectrics. 


the  input  impedance  can  be  expected  to  be  largely  capacitative  in  nature 


and  of  a relatively  low  absolute  value.  In  order  to  drive  the  transducer 


by  means  of  an  electronic  amplifier,  an  impedance  matching  stage  should 


be  used  between  the  plate  circuit  of  the  amplifier  output  stage  and  the 


transducer,  this  matching  network  being  a step-down  transformer.  Assuming 


that  the  transducer  reactance  is  capacitative,  the  addition  of  a calibrated 


inductance  in  series  with  the  transducer  affords  a means  of  tuning  out  the 


transducer  capacitance,  thus  lowering  the  voltages  required  across  the 


transformer  primary  and  secondary 


If  the  transducer  reactance  is 


inductive  over  a part  of  the  frequency  range,  the  series  element  should  be 
a calibrated  capacitance.)  Furthermore,  the  possibility  of  tuning  out 
the  transducer  reactance  (tuning  to  resonance)  affords  a simplification 


of  the  instrumentation  necessary  to  measure  either  the  input  power  or 


mpedance . A block  diagram  of  the  basic  scheme  to  be  usea  is  shown  in 


Fig.  2.  R and  L represent  a calibrated  resistor  and  inductor,  respectively. 
These  elements  should  he  measured  with  an  impedance  bridge.  C*  and  R+, 


within  the  dotted  lines,  represent  the  equivalent  capacitance  ana  resistance 


of  the  transducer.  (R-j-  also  contains  the  series  resistance  of  the  inductor.) 


This  particular  representation  of  the  transducer  results  from  calculations 


based  on  data  supplied  by  the  Brusn  Dev*-  pmenc  Co 


for  barium  titanate 


The  same  general  representation  should  be  equally  valid  for  other 
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ferroelectric s.  The  possibility  of  the  equivalent  reactance  b6ing  inductive 
rather  than  capacitative  can  be  handled  'by  replacing  L by  a capacitance. 

If  the  capacitance  is  tuned  out  by  L,  then  at  resonance 

R-t-  = e^Ae^-e^  , and  - l/co2!..  (4) 


The  electrical  input  power  is  given  by 


PE  = (e1-e2)2RtA2. 


Thus  by  series  insertion  of  an  accurately  known  resistance  and  inductance, 
and  measurement  of  and  e2,  the  input  impedance  of  an  electric  power 
supplied  to  the  transducer  can  be  determined  if  the  resonant  condition  is 
used.  Other  than  the  necessity  for  corrections  due  to  shunt  capacitances;, 
the  major  limitation  of  this  method  is  probably  the  accuracy  of  determining 
resonance.  Since  the  whole  circuit  probably  does  not  have  a high  Q,  some 
provision  in  addition  to  an  indication  of  maximum  current  is  necessary. 

To  this  end , a sensitive  phase~meter  could  be  used  to  indicate  the 
coincidence  in  phase  of  the  voltages  e^  and  e2. 

The  other  major  measurement  necessary  is  the  output  acoustic 
power  of  the  transducer.  As  has  been  pointed  out  in  t I) , several  basic 
methods  exist  for  the  determination  of  acoustic  power  output.  Because 
of  the  convenience  occuring  from  the  use  of  a single  instrument  over  the 
entire  frequency  range  to  be  explored,  the  method  of  inferring  point -wise 
intensities  from  measurements  of  the  pressure  in  the  acoustic  field  has 
been  chosen.  The  problem  becomes  one,  then,  of  measuring  pressures. 
Ideally,  if  the  transducer  is  in  the  form  of  a circular  disc  which  acts 
as  a piston,  and  is  in  the  plane  of  a large  rigid  wall,  the  measurement 
of  the  pressure  at  a single  point  in  tne  field  is  enough  to  establish 
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the  entire  pressure  distribution  and  thus  the  acoustic  power,  in  view  of 
known  formulae  for  this  case.  However,  an  ideal  piston  source  of  this  sort 
is  difficult  to  obtain  because  of  edge  effects,  mode  coupling,  and  the 
influence  of  the  mechanical  supports.  The  net  results  are  a non-uniform 
velocity  distribution  across  the  face  of  the  transducer,  and  the  con- 
comitant departure  of  the  field  pattern  from  ideality.  Scanning  the 
field  thus  becomes  a practical  necessity.  Assuming  symmetry  about  the 
central  normal  to  the  transducer  face  (not  an  unreasonable  assumption) , 
a scan  of  the  pressure  field  in  the  horizontal  plane  containing  this  normal 
will  give  sufficiently  detailed  knowledge  of  the  field.  In  order  to  relate 
intensity  to  pressure  in  a simple  fashion,  the  pressure  pattern  must  be 
measured  in  regions  far  (compared  with  a wavelength)  from  the  source.  In 
these  regions  the  acoustic  wave  can  be  shown  (4)  to  take  on  many  of  the 
characteristics  of  a spherical  wave,  and  in  particular  the  spherical  wave 
relation  between  pressure  and  intensity  holds.  (This  statement  should 
be  a good  approximation  even  if  the  transducer  is  not  an  ideal  piston 
source.)  The  desired  relation  between  pressure  and  intensity  is  given  by 
I = p2(r,  0)/2/>c.  (6) 

Here  I is  the  intensity,  p (a  function  of  r and  0 ) is  the  pressure 
amplitude,  pis  the  density  of  the  medium,  c is  the  velocity  of  sound 
in  the  medium,  r is  the  distance  of  the  microphone  from  the  center  of  the 
transducer  face,  and  0 is  the  angle  between  the  beam  axis  and  r.  Inte- 
gration of  this  intensity  over  the  solid  angle  including  the  acoustic 
beam  leads  to  the  acoustic  power  output  as  follows: 


CP««! 


wr 


r 


- - ------- 


12. 

The  angle  beyond  which  the  beam  can  no  longer  be  detected  is  8^.  For 
greater  accuracy,  attenuation  due  to  absorption  can  be  taken  into  account 
and  the  acoustic  velocity  should  be  measured  at  the  ambiant  temperature 
existing  and  at  the  frequency  beam  used.  However,  errors  due  to  the 
neglect  of  attenuation  and  velocity  dispersion  (dependence  of  velocity 
on  frequency)  will  be  smaller. 


The  process  of  carrying  out  the  acoustic  measurements  is 
complicated  by  the  necessarily  limited  size  of  the  tank  containing  the 
water  into  which  the  acoustic  energy  is  propagated.  A microphone  placed 
in  the  tank  to  measure  pressure  will,  under  conditions  of  continuous 
wave  operation,  measure  not  only  the  pressure  in  the  wave  being  sent 
out  from  the  transducer,  but  will  simultaneously  measure  the  pressure 
in  the  waves  being  continuously  reflected  from  the  tank  walls.  We  must 
therefore  resort  to  pulsed  operation  of  the  transducer  so  that  the 
primary  wave  incident  on  the  microphone  can  be  discriminated  from  the 
reflected  waves.  The  pulse  length  cannot  be  too  great,  for  otherwise 
reflected  pulses  will  be  arriving  at  the  microphone  while  the  primary 
pulse  is  still  passing  by  that  point.  Nor  can  the  pulse  duration  be 
too  short,  because  a sufficiently  lar >e  number  of  cycles  must  be 
included  in  a pulse  to  establish  steady-state  conditions  in  the 
transducer.  Moreover,  any  electronic  circuits  used  in  conjunction  with 
sending  or  receiving  these  pulses  must  not  distort  the  pulse  shape  unduly, 
and  as  a consequence  the  sending  and  receiving  circuits  must  be  of  low 
Q or  broad  band.  On  the  receiving  side  these  conditions  impose  a lower 
limit  on  the  acoustic  signal  which  the  microph* can  detect  because 
of  the  influence  of  band  width  on  amplifier  noise. 

The  alternative  to  using  pulse  methods  with  a tank  of  limited 
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size  is  to  use  an  attenuating  lining  such  as  that  described  by  Mason^)? 
or  to  use  a wedged  type  anechoic  lining.  However  after  considering  the 
difficulty  of  construction  and  the  probable  cost  of  these  methods,  the 
pulse  technique  was  ultimately  chosen. 

The  final  topic  to  be  considered  in  this  section  deals  with  the 
microphone  used  to  measure  acoustic  pressures.  A detailed  description 
of  the  instrument  is  presented  in  a later  section*  what  is  under  dis- 
cussion now  is  the  method  proposed  to  calibrate  the  microphone.  The 
most  practical  and  perhaps  simplest  type  of  calibration  is  the  so-called 
reciprocity  method.  There  are  several  ways  of  applying  this  method,  and 
one  in  particular,  known  as  the  self -reciprocity  method (6),  wherein  but 
a single  reversible  microphone  is  necessary,  is  well  suited  to  our 
purposes.  The  theory  of  reciprocity^),  when  applied  to  a reversible 
transducer,  be  it  a sender  or  a receiver,  leads  to  the  relation 

M = JS  . (8) 

Here,  M is  the  ratio  of  open  circuit  voltage  generated  at  the  terminals 
of  the  transducer  to  the  free-field  pressure  at  that  location,  and  is 
the  desired  microphone  calibration.  S is  the  ratio  of  sound  pressure, 
at  some  distance,  dQ,  from  the  transducer  (when  the  transducer  is 
driven  electrically) , to  the  driving  current  at  its  terminal.  J is  a 
constant  depending  on  the  characteristic  impedance  of  the  acoustic 
medium,  the  distance  d0,  and  the  wave  length.  The  value  of  J can  be 
derived  under  various  restrictive  assumptions  which  effectively  assure 
spherical  wave  propagation.  In  the  method  of  self -reciprocity,  the 
reversible  microphone  acts  both  as  a sender  and  a receiver  by  the 
auxiliary  use  of  a rigid  plane  reflecting  surface  to  return  the  signal 


14 


to  the  source.  This  method  is  particularly  amenable  to  pulse  operation. 

If  the  sending  current  to  the  microphone  and  the  open  circuit  voltage 
due  to  the  reflected  and  received  signal  are  measured  (by  some  modification 
of  the  apparatus  set  up  for  electric  and  acoustic  power  measurements) , 
as  well  as  the  wave  length  of  the  acoustic  radiation,  and  the  distance 
between  the  microphone  and  reflecting  plate,  the  absolute  sensitivity, 

M,  of  the  microphone  can  be  calculated  as  follows: 

M = (er/is)1/2(4d"^>c)1/2.  (9) 

Here  er  and  is  are  the  received  voltage  and  sending  current  respectively} 
d is  the  distance  from  the  microphone  to  the  reflecting  plate; ^is  the 
acoustic  wavelength,  and^Oc  is  the  characteristic  acoustic  impedance  of 
the  medium.  Once  M is  known,  the  microphone  can  be  used  to  measure  the 
absolute  pressures  in  the  radiation  field.  It  is  expected  that  the 
microphone  calibration  will  be  valid  throughout  the  proposed  frequency 
range.  However  at  higher  frequencies  the  finite  size  of  the  microphone 
will  necessitate  corrections  to  eq.  9 which  will  be  difficult  to  make. 
Although  the  above  discussion  describes  the  basic  method  to  be  used  in 
calibrating  our  microphone,  the  calibration  has  not  yet  been  carried  out 
nor  have  the  modified  circuit  arrangements,  as  applied  to  this  particular 
phase,  been  worked  out  in  detail. 

IV.  Apparatus. 

1.  Tank:  The  tank  in  which  the  acoustic  measurements  are  to  be  carried 

out  is  pictured  in  Fig.  3«  It  is  a rectangular  parallelopiped  5 ft. 
long,  4 ft.  deep,  and  4-1/2  ft.  wide.  It  is  made  of  welded  3/16  in. 
thick  steel  plates,  and  is  supported  at  the  bottom  by  a sturdy  steel 


framework.  The  tank  is  supplied  with  an  outlet  of  attached  piping  for 
drainage  purposes.  At  the  center  of  one  end  is  cut  a hole  4 inches  in 
diameter  around  which  are  welded  6 bolts.  The  hole  and  bolts  accomodate 
the  transducer  holder. 

2.  Transducer  Holder:  The  transducer  holder  is  shown  mounted  on  the 

tank  in  Fig.  4,  and  an  exploded  view  of  it  is  shown  in  Fig.  . Essentially 
it  consists  of  a steel  ring  with  outside  and  inside  shoulders.  A rubber 
O-ring  gasket  fits  between  the  outside  shoulder  and  the  tank  wall  to 
provide  for  water  sealing  and  for  alignment  of  the  transducer.  A flexible 
brass  strip,  mounted  on  a lucite  stand-off,  provides  electrical  connection 
to  one  face  of  the  transducer.  The  other  face,  which  is  in  contact  with 
water,  is  the  ground  side.  A drawing  of  the  transducer  holder  showing 
all  dimensions  is  given  in  the  Appendix.  A lucite  plate  holding  the 
transducer  seats  on  the  inside  shoulder,  and  is  held  in  place  by  another 
ring  threaded  into  the  first  one.  Since  different  lucite  plates  must  be 
used  with  transducers  of  different  dimensions,  a schematic  diagram  of  a 
typical  plate  is  shown  in  Fig.  6.  The  lucite  plate  has  a hole  slightly 
larger  than  the  transducer,  and  at  the  bottom  of  this  hole  is  a shoulder 
which  supports  the  transducer  just  at  the  rim.  A thin  beading  of  bees- 
wax, applied  around  the  edges  of  the  hole  and  the  edges  of  the  transducer, 
holds  the  latter  in  place.  A thin  circular  strip  of  tin-foil  with  two  tabs 
is  cemented  with  conducting  silver  paint  around  the  edge  of  the  transducer 
face  in  contact  with  the  water,  and  provides  a means  of  connecting  this 
face  to  electrical  ground.  The  thickness  of  the  lucite  plate  and  the 
depth  of  the  hole  in  it  are  so  chosen  that  when  the  entire  transducer 
assembly  is  attached  to  the  tank,  the  face  of  the  transducer  is  in  the 


Fig.  4» 

Transducer  Holder:  assembled  view. 
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Transducer  Holder:  exploded  view. 
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plane  of  the  tank  wall.  With  this  arrangement  one  face  of  the  transducer 
is  in  contact  with  water  and  the  other  face  is  in  contact  with  air. 
Practically  all  of  the  acoustic  energy  is  radiated  into  the  water,  an 
insignificant  amount  entering  the  air.  A small  amount  will  go  into  the 
lucite  - an  amount  which  will  be  difficult  to  estimate.  The  transducer 
will  act  approximately  like  a piston  source  set  into  an  infinite  wall,  a 
case  for  which  the  radiation  impedance  can  readily  be  calculated  and 
easily  controlled  by  varying  the  transducer  dimensions. 

3.  Microphone t The  microphone  used  to  measure  acoustic  pressures  has 
as  its  pressure -sensitive  element  a polarized,  hollow,  barium  titanate 
cylinder  obtainable  from  the  Brush  Development  Co.  The  cylinder  is 
l/l6  in.  long  and  has  a wall  thickness  of  0.011  in.  Electrical  con- 
nections are  made  to  the  inner  and  outer  cylindrical  surfaces  which  are 
coated  with  fired-on  silver.  The  method  of  constructing  the  complete 
microphone  is  best  described  by  reference  to  Fig.  7 which  shows  it  ifl 
cross-sectional  view.  The  barium  titanate  element  is  supported  by  one 
end  of  the  central  conductor.  Electrical  connection  between  the  inner 
surface  of  the  cylinder  and  the  central  lead  is  made  by  means  of  a 1 mil 
strip  of  copper  foil,  soldered  at  one  end  with  Wood's  Metal  to  the  central 
conductor,  and  held  at  the  other  tnd  in  contact  with  the  inner  surface 
of  the  cylinder  by  a Teflon  bushing.  The  central  conductor  consists  of 
a short  length  of  No.  22  Formex-covered  copper  wire  to  which  is  soldered 
a similar  but  greater  length  of  No.  28  wire.  The  thicker  wire  is  used 
to  provide  a relatively  rigid  support  for  the  barium  titanate  element, 
while  the  thinner  wire,  constituting  the  greater  part  of  the  central 
conductor,  is  used  to  minimize  vibrations  which  can  be  transmitted  to  it 


Fig.  7. 


Microphone;  assembly  drawing. 
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along  tl^e  length  of  the  tubing.  The  electrical  ground  of  the  microphone 

is  formed  by  the  outer  silvered  surface  of  the  barium  titanate  element 

and  by  the  tubing.  A coating  of  conducting  silver  paint  followed  by 

copper -plating  provides  electrical  continuity  at  the  various  joints  as 

well  as  mechanical  protection.  Each  joint,  and  the  pressure-sensitive 

end , is  finally  coated  lightly  with  Neoprene  priming  cement  for  the 

purpose  of  water-proofing.  The  capacitance  of  the  entire  microphone 

assembly  is  280/ytf,  of  which  about  250/kyuf  are  contributed  by  the  barium 

titanate  element.  A photograph  of  the  assembled  microphone  is  shown  in  Fig.  8. 

The  general  type  of  construction  used,  namely  concentric  tubes 
held  apart  by  small  Teflon  bushings,  and  with  air  spaces  between  the 
tubes,  should  insure  that  the  pressure  reading  obtained  is  indicative  of 
the  pressure  acting  at  the  pressure-sensitive  element  only,  and  not  of 
those  pressures  acting  along  the  length  of  the  tubing  intercepting  the 
rest  of  the  acoustic  beam.  Vibrations  due  to  these  undesired  pressures 
will  undoubtedly  be  transmitted  through  the  tube  walls  and  Teflon 
bushings  to  the  central  conductor  and  thence  to  the  barium  titanate 
element,  but  it  is  hoped  that  discrimination  against  this  source  of 
spurious  signal  will  be  large.  We  base  this  hope  on  the  assumption  that 
the  impedance  mismatch  presented  by  the  relatively  extensive  air-metal 
boundaries  will  cause  almost  complete  reflection,  leaving  little  to  be 
transmitted  through  to  the  central  wire.  The  amount  of  discrimination 
can  be  ascertained  by  placing  the  microphone  in  an  acoustic  beam  and 
noting  the  difference  in  signals  produced  with  the  pressure-sensitive 
tip  unshielded  and  shielded. 

L.  Carriage  and  Boom?  In  order  to  measure  the  acoustic  power  output 
from  the  transducer  the  microphone  must  be  moved  from  point  to  point  so 
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as  to  measure  pressures  In  the  acoustic  beam.  Assuming  the  beam  to  be 
symmetrical  about  its  axis, it  is  sufficient  to  obtain  the  pressures  in 
any  one  plane  containing  this  axis,  and  the  horizontal  plane  is  simplest 
to  arrange  for.  Since  power  is  the  intensity  integrated  over  the  solid 
angle  covered  by  the  beam,  the  most  convenient  arrangement  is  to  keep 
the  microphone  at  a fixed  distance  from  the  center  of  the  transducer 
face,  and  sweep  it  through  an  arc  covering  the  beam.  The  arrangement 
for  moving  the  microphone  consists  essentially  of  a carriage,  a boom, 
and  a shaft  which  rotates  the  beam.  The  carriage  (shown  in  Fig.  9) 
from  which  the  microphone  is  suspended , can  be  moved  along  the  horizontal 
boom  so  as  to  locate  the  microphone  at  a given  distance  from  the  trans- 
ducer. The  microphone  carriage  has  vertical  and  transverse  slides  or 
feeds  to  provide  fine  motion  of  the  microphone  for  purposes  of  measuring 
acoustic  wavelength,  accurate  location  of  the  beam  axis,  etc.  The  shaft 
which  rotates  the  boom  is  vertical  and  its  axis  extended  passes  through 
the  vertical  diameter  of  the  face  of  the  transducer.  In  this  manner  the 
microphone  can  be  swung  in  a circular  arc  centered  at  the  transducer 
face.  The  assembly  by  which  the  microphone  is  moved  can  be  seen  in  Fig. 
3.  The  vertical  shaft  is  rotated  by  a worm  gear.  The  boom  has  attached 
to  it  a guy  rod  leading  to  a yoke  at  the  upper  end  of  the  shaft,  and 
adjustment  of  the  tension  in  this  rod  provides  for  accurate  leveling  of 
the  boom.  The  boom  and  shaft  assembly  are  mounted  from  a sturdy  frame- 
work in  front  of  the  tank,  with  adjustment  provided  so  that  the  shaft 
axis  can  be  aligned  with  the  vertical  diameter  of  the  transducer  face. 

At  the  free  end  of  the  boom  is  attached  a weighted  rope  passing  over  a 
swivel  pulley  (mounted  on  the  opposite  tank  wall).  This  arrangement 
keeps  the  boom  from  whipping  when  rotated.  The  drawings  for  the  various 


parts  of  the  overall  assembly  are  given  in  the  Appendix-  Except  for 
attaching  graduated  handwheels  for  rotating  the  boom  and  for  actuating 
the  carriage  feeds , as  well  as  scales  with  which  to  measure  distances* 
the  assembly  is  complete* 

V.  Driving  and  Receiving  Circuits. 

The  electronic  circuits  described  in  this  section  are  designed 
to  accomplish  the  purposes  of  delivering  electrical  energy  to  the  trans- 
ducer,  measuring  the  input  electrical  power  to  and  impedance  of  the  trans- 
ducer, and  also  of  measuring  the  pressures  in  the  acoustic  field.  Some 
parts  of  the  overall  circuitry  have  not  yet  been  designed  in  detail  and 
a specific  enumeration  of  these  parts  will  be  made  at  the  end  of  this 
section. 

1.  Overall  Electronic  System;  Fig.  10  is  a block  diagram  of  the  trans- 
ducer measuring  system.  The  C.  W.  output  of  the  master  oscillator, 
operating  at  any  set  frequency  between  60  kc  and  2 me,  is  gated  by  the 
transmitter  gate  to  form  R.  F.  pulses,  which  are  amplified  by  the  power 
amplifier  and  applied  to  the  transducer.  The  length  of  the  applied  R.  F. 
pulses  is  determined  by  the  rulser.  Electrical  power  delivered  to  the 
transducer  is  measured  by  a power  meter  circuit.  If  possible,  C.  W« 
operation  will  be  used  for  the  electrical  power  measurements.  However, 
reverberation  in  the  tank  may  very  well  cause  sufficient  reaction  on 
the  transducer  to  invalidate  the  use  of  C.  7. *,  and  in  this  events  power 
measurements  with  pulses  will  be  necessary.  It  is  possible  that  rough 
adjustments  of  the  circuits  can  he  made  using  C.  W.  in  preparation  for 
the  fine  adjustments  subsequently  made  with  pulses.  Provisions  have 
been  incorporated  in  the  transmitter  gate  circuit.  to  switch  to  C.  W. 
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Fig*  10 • 

Block  Diagram  of  Transducer  Measuring 
System. 
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operation  when  desired.  The  pulse  repetition  frequency  of  the  system 
is  3et  by  the  repetition  rate  oscillator  which  supplies  periodic  trigger 
voltages  to  the  pulser.  The  generation  and  transmission  through  the 
system  of  a single  isolated  pulse  is  also  provided  for  in  the  repetition 
rate  oscillator.  Again,  because  of  tank  reverberation,  the  exclusive 


employment  of  a single  pulse  may  be  mandatory. 

The  transduced  signal  (together  with  its  reflections)  is 
received  as  R.  F.  pressure  pulses  by  the  microphone,  which  converts 
them  to  electrical  R.  F.  pulses.  The  latter  are  then  amplified  by  the 
pre-amplifier  and  amplifier,  and  applied  to  the  oscilloscope.  In  order 
to  measure  the  overall  sensitivity  of  the  microphone  amplifiers  and 
the  oscilloscope,  switch  provides  a means  of  applying  a known  voltage 
to  the  input  of  the  microphone  pre- amplifier.  Th  3 voltage  is  delivered 
by  the  calibrated  attenuation  of  a constant  known  voltage  from  the 
master  oscillator. 

In  order  to  measure  pulse  length,  and  to  identify  and  dis- 
tinguish incident  and  reflected  pulses,  time  calibration  is  necessary. 
Time  mark  dots  are  presented  on  the  oscilloscope  sweep  by  applying  to 
the  Z-axis  sharpened  pulses  of  proper  frequency  generated  in  the  time 
calibration  circuit.  These  time  mark  dots  appear  on  a separate  sweep 
which  is  interposed  by  the  selector  circuit  between  successive  micro- 
phone signal  sweeps.  To  use  the  full  oscilloscope  sweep  for  observing 
the  received  signal  (incident  and  reflected  pulses)  a delay  circuit  is 
needed  which  retards  the  start  of  the  sweep  for  a definite  time  after 
application  of  the  original  electrical  pulse  to  the  transducer. 


2.  Details 


of  Circuit » In  the  following  paragraphs  the  component  parts 
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of  the  overall  system  (Fig.  10)  are  described  in  a more  detailed  fashion. 

Master  Oscillator:  The  master  oscillator(8  (Fig.  11),  consist- 

ing of  a single  amplifier  driving  a cathode  follower  stage,  provides  a 
constant  two  volt  output  at  low  impedance  over  a wide  range  of  frequencies. 
This  oscillator  has  two  feedback  paths:  a regenerative  cathode-to-cathode 
loop  (through  the  3 watt,  110  volt  lamp  I,  which  stabilizes  the  output 
voltage  by  controlling  regeneration)  and  a degenerative  cathode-to- 
grid  loop  (which  includes  a bridged-T  network).  Oscillation  occurs  at 
the  null  point  of  the  bridged-T  network,  so  that  the  net  feed-back  is 
regenerative.  Potentiometers  R-8  through  R-12  provide  a means  of  ad- 
justing the  amplitude  of  oscillation  in  each  range.  A jack  (Test  Jackal) 
provides  a means  of  checking  the  oscillator  output  voltage  and  waveform. 

Transmitter  Gate:  The  transmitter  gate  stage  (Fig.  11)  performs 

the  function  of  gating  a C.  W.  signal  from  the  master  oscillator  into  rec- 
tangular R.  F.  pulses  of  a determined  length.  A C.  W.  signal  from  the 
master  oscillator  is  fed  to  the  grid  of  the  6C4  cathode  follower  stage, 
which  serves  as  a buffer  between  Lha  oscillator  and  the  gating  diodes. 

In  the  quiescent  state  between  pulses  the  four  diodes  in  the  two  6AL5 
envelopes  are  kept  conducting  by  means  of  l/2  volt  biases  applied  through 
resistors  R^g  and  839.  In  this  state  the  diode  plate  resistances  are 
low  and  very  little  signal  can  be  developed  across  them.  To  cancel 
this  residual  signal,  which  appears  on  one  grid  of  the  6J6  differential 
amplifier,  a portion  of  the  voltage  from  tho  6C4  cathode  follower  is 
applied  to  the  other  grid  of  the  6J6.  When  a negative  pulse  is  applied 
to  the  grid  of  the  6C4  phase  inverter,  the  resulting  pulses  developed 
across  R35  and  R3-7  change  the  biases  on  the  diodes  which  consequently 
become  non-conducting  for  the  duration  of  the  applied  pulse.  During 


Fig.  11. 

Transmitter  Sections  Schematic  Diagram. 
Unit  consists  of  Master  Oscillator,  Trans- 
mitter Gate,  and  Power  Amplifier. 
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List  of  Components  for  Fig.  11. 


Rl  - 

5k  lw 

R27 

R2  - 

10k  l/2w 

R28 

r3  - 

1 meg.  l/2w 

R29 

R4  - 

300  ohm  l/2w 

r30 

R5  " 

lk  l/2w 

r31 

r6  - 

220  ohm  l/2w 

R32 

R7  " 

lk  1/2  w 

R33 

R8  - 

5k  pot. 

R34 

R9  " 

5k  pot. 

R35 

R10  " 

5k  pot. 

r36 

Rn  - 

5k  pot. 

R37 

R12  “ 

5k  pot. 

R38 

r13  " 

1 meg.  l/2w 

r39 

r14- 

82k 

r40 

r15  " 

39k 

R41 

r16  ‘ 

18k 

r42 

R17  " 

10k 

R43 

R18  ' 

4.7k 

R44 

R19  ~ 

3.3k 

R45 

R20  “ 

1.5k 

R46 

R21  " 

820  ohm 

r47 

R22  * 

390  ohm 

r23  “ 

180  ohm 

r24  " 

10k  l/2w 

R25  " 

22k  l/2v 

r26  ' 

lk  pot. 

- l«5k  2w 

- Ik  pot. 

- 300  ohm  l/2w 
-2.2k  1/2 w 

- 50k  l/2 w 

- 7k  2w 

- 5k  l/2w 

- 75  ohn  lv 

- Ik  lw 

- 100k  l/2v 

- Ik  lw 

- 25k  2w 

- 20k  2w 

- 12k  2w 

- 12k  2w 

- 5k  pot. 

- 100k  l/2 w 

- 600  ohm  2w 

- 40k  2v 

- 1 meg.  l/2w 

- l^Ok  l/2w 


C i - 10CO  mmf. 

- 7-45  mmf. 
Cj  - 5600  mmf. 
C4  - 0.5  mfd. 

C5  - 5600  mmf. 
Cg  - 0-100  mmf. 
C7  - 10  mmf. 

Gg  - 82  mmf. 

Gq  - 82  mmf . 

C10  - 0-100  mmf. 
On  - 0-100  mmf. 


-12 

- 7-45 

mmf 

Gi 

- 7-45 

mmf 

cu 

- 7-45 

mmf 

C15 

- 7-45 

mmf 

Cl6 

1 

^7 

1 

v_n 

mmf 

Cl? 

- 0.05 

mfd 

-18 

- 1000 

mmf 

n 

'19 

- 0.05 

mfd 

O20  - 1 mfd. 

C21  - 200  mfd. 
C22  ” 200  mfd  # 

0 p ^ — u • 0 mf  d . 
^24  — 10QO  mfd . 


C'25  - 100C  nmf.  (approx.’ 
”26  “ 450  mmf.  (approx. ) 
C?J  - 0-500  mmf. 

C0g  - 1000  mmf. 

C29  - 2 nfd. 

..  30  — 1 mfd . 

1 - 3w  lOOv  pilot  lamp 
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this  time  the  fall  signal  from  the  cathode  follower  new  appears  at  one 
grid  of  the  6J6  differential  amplifier,  and  causes  a voltage  to  be 
developed  across  the  plate  resistor,  P-26*  A switch,  5pf  is  provided  for 
C.  U.  operation.  When  this  switch  is  closed  the  diodes  are  biased  so  as 
to  become  non-conducting  and  the  C.  U.  signal  appears  across  ^05,  which 
is  the  output  amplitude  control.  Potentiometer  R/p  should  be  adjusted 
to  give  0 volts  D.G.  between  Test  Jackj^-2  and  ground.  We  have  found 
the  gating  circuit  described  to  form  pulse  envelopes  which  reproduce 
faithfully  the  applied  negative  pulse.  Other  gating  circuits  tried  have 
introduced  transient  overshoots. 

Power  Amplifier:  The  power  amplifier  (Fig.  11)  consists  of  a 

conventional  wide  band  6AG7  driver  stage  followed  by  an  807  power  amplifier 
stage.  The  plate  circuit  is  tuned  by  means  of  a coil  and  condenser  com- 
bination. Three  coils  are  provided  to  cover  the  working  frequency  range, 
and  each  coil  is  tapped  as  a step-down  autotransformer  to  permit  impedance 
matching  between  the  plate  and  transducer  circuits.  From  the  point  of 
view  of  transmitting  R.  F.  pulses  without  envelope  distortion  or  intro- 
duction of  transients,  it  would  be  desirable  to  eliminate  tuned  circuits 
in  this  stage.  However,  because  of  the  nature  of  the  load  and  other 
considerations,  a tu^ed  circuit  was  eventually  deemed  necessary.  How- 
ever, we  expect  the  Q of  the  loaded  circuit  to  be  low  enough  to  prevent 
ixcessive  envelope  distortion  and  introduction  of  transients.  An  R.  F. 
volt  meter,  consisting  of  a 6AL5  in  series  with  and  a 0-150  micro- 
ammeter,  provides  an  indication  of  the  R.  F.  voltage  in  the  plate  circuit 
of  the  807,  and  thus  serves  as  a tuning  indicator. 

1 igs.  12,  13*  and  14  are  photographs  of  the  chassis  containing 
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the  master  oscillator,  transmitter  gate,  and  power  amplifier  circuits 
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Fig.  13. 
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Transmitter  Section:  top  view. 
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Time  Calibration,  Del'-y,  and  Selector  Circuits  The  c ir : u • s 
described  in  detail  in  this  section,  although  built  in  bread-bcarc  form 
have  not  yet  been  mounted  on  a final  chassis.  Their  descriptions  are 
taken  verbatim  from  (II).  To  a large  extent  the  delay  and  time  caiibra 
tion  circuits,  the  repetition  rate  oscillator,  pulser,  and  selector 
circuits  are  interdependent  upon  each  other  in  their  operation.  We 
show  in  Fig.  15  a more  detailed  block  diagram  of  these  circuits  in  order 
to  facilitate  their  explanation.  The  difficult  problem  to  solve  is 
that  of  producing  time  calibration  marks  on  the  oscilloscope  and  inter- 
posing them  between  successive  signal  sweeps.  The  train  of  time  calibra- 
tion dots  must  be  presented  in  such  a fashion  that  only  time  marks  exist 
on  one  sweep  of  the  oscilloscope  and  only  the  amplified  microphone  signal 
exists  on  the  following  sweep.  Due  to  the  persistency  of  the  eye  and 
of  the  oscilloscope  screen,  time  marks  and  microphone  signal  will  apparently 
coexist.  The  sequence  of  events  in  one  repetition  cycle,  including  a 
single  time  mark  sweep  followed  by  the  microphone  signal  presentation, 
is  as  follows.  A pulse  from  the  repetition  rate  multivibrator  (r.  r.  m. ' 
triggers  the  9t  ms  pulse  former.  The  resulting  90  ms  pulse  allows  a 
single  5 Ms  pulse  to  pass  through  the  trigger  gate  tube,  and  to  trigger 
the  delay  circuit  which  then  initiates  — at  a definite  time  later 
the  oscilloscope  time  sweep.  The  5 Ms  pulse  is  one  of  a train  of  pulses 
occuring  at  100  Ms  intervals,  as  set  by  the  100  kc  timing  oscillator 
and  10:1  divider.  However,  only  one  such  pulse  out  of  this  train  fails 
within  the  duration  of  the  90  ms  pulse,  and  only  this  selected  5 ms 
pulse  can  ultimately  initiate  the  time  sweep.  It  is  important  to  realize 
that  only  one  90  ms  pulse,  and  thus  only  one  time  sweep,  can  occur  during 
a whole  repetition  cycle.  Moreover,  that  5 us  pulse  which  initiates  the 
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Fig.  15. 


Repetition  Rate  Oscillator,  Pulser, 
Delay,  Time  Calibration  Circuits 
and  Selector  Circuits:  block  diagram. 
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timing  weeD  tbrcragh  the  •to lay  circuit  is  synchronized  with  the  IOC  <c 
oscillator  and  10:1  divider.  As  a result,  on  successive  repetition  cycles 
the  100  kc  or  10  kc  tiding  marks  ias  selected  by  switch  Sy  ' appearing  on  the 
persistant  oscilloscope  screen  are  exactly  superimposed.  At  the  time  of 
initiation  of  that  90  ^s  pulse  which  selects  the  5 us  delay  trigger  pulse* 
a step  voltage  from  the  r.  r.  m. , applied  to  the  selector  circuit,  gates 
pulses  generated  either  in  the  100  kc  timing  oscillator  cr  the  11  ' dlvicer 
(depending  on  whether  10  or  100  us  intervals  between  timing  dots  Is  desired 
through  the  timing  gate  to  the  oscilloscope  Z-axis.  The  same  step  voltage 
keeps  the  microphone  signal  from  the  oscilloscope. 

This  step  voltage  is  terminated  in  duration  by  a thange  of  slate 
of  the  r,  r.  m. , at  which  time  the  latter  sends  a trigger  pulse  to  tne 
pulser.  Simultaneously  the  selector  circuit  is  caused  to  reverse  its 
function,  allowing  the  microphone  signal  to  appear  at  the  030  ill  os  ope 
input  and  cutting  off  time  mark  signals  from  the  -uxi:: . The  trigger 

pulse  received  by  the  pulser  causes  the  latter  tc  emit  a rectangular 

pulse  of  determined  duration,  which  is  used  to  gate  the  master  oscillator 
signal  into  R.  F.  pulses.  The  initial  rise  of  t'r.  a rectangular  pulse  is 
used  to  provide  a trigger  for  the  delay  circuit,  thus  initiating  the 
oscilloscope  signal  sweep  at  a later  determined  time. 

The  net  result  of  these  circuits  is  to  present  in  tue  w.:  .g 

sequence,  in  each  r.  r.  m.  cycle:  1)  a time  mark  swt  y,  whose  start  is 

always  in  synchronization  with  the  100  kc  and/or  10  kc  timing  pulses* 
and  which  occupies  its  own  portion  of  the  r»  t«  m.  cycle*  ;2'  the  second 
part  of  the  cycle,  wherein  a signal  sweep  is  initiated  at  a delayed  time 
after  the  start  of  transducer  operation,  and  during  which  microphone 
signals  are  presented.  Under  normal  oper-t^n  this  sequence  Is  repeated 


at  a frequency  set  by  the  r.  r.  m.  When  no  repetition  (a  single  cycle) 
is  desired,  the  r.  r.  in.  must  he  activated  by  the  single  shot  trigger 
tube,  upon  manual  closing  of  switch  S^. 

We  are  now  in  a position  to  explain  the  detailed  operation  of 
each  of  the  component  circuits  described  above. 

Single  Shot  Trigger  Tubes  The  function  of  the  s.  s.  trigger 
tube  (Fig.  lb)  is  to  deliver  a single  triggering  pulse  to  the  repetition 
rate  oscillator  each  time  that  switch  Sg  is  closed.  Normally  this  switch 
is  open$  then  the  voltage  across  C-^  is  zero  and  the  voltage  across  C2 
is  150  volts.  Current  flowing  through  P.q  and  produces  a bias  voltage 
between  grid  and  cathode  of  the  2D21  thyratron,  which  bias  is  sufficiently 
large  to  keep  this  tu'«  from  becoming  ionired.  When  switch  is  closed, 
the  voltage  across  Ci  rises  exponentially  until  the  grid  to  cathode  voltag 
reaches  the  ignition  potential  of  the  tube.  At  this  point  C2  is  dis- 
charged through  F^.  The  resultant  positive  pulse  developed  across  R3 
is  transmitted  through  the  isolation  diode,  and  appears  across  Rc;  in 
the  repetition  rate  multivibrator  (Fig.  17).  When  reopened,  the 

circuit  returns  to  its  original  state. 

Repetition  Rate  Multivibrator!;  A three  position  switch,  S» 
controls  the  repetition  rate  of  this  stage  (Fig.  17).  In  positions 
1 and  2 the  multivibrator  operates  as  an  a stable  multivibrator  whose 
period  is  changed  by  a change  of  the  time  constant  of  the  circuit 
formed  by  Cg  and  R5  or  R7.  In  position  3 the  multivibrator  operates  in 
the  monostable  state,  being  triggered  by  a positive  pulse  from  the  single 
shot  trigger  tube.  Gating  and  trigger  voltages  to  the  90  uls  pulse 
former  and  selector  circuit,  respectively,  are  obtained  from  the  cathode 
circuits  of  the  multivibrator.  (A  trigger  to  the  pulser  is  also  to  be 
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List  of  Components  for  Fig.  16. 


- 10  meg. 

Ci  - 0.02mfd 

R2  - 5 meg. 

C2  - 0.1  mfd 

R3  - 5k 

- 100  mmf 

R^  - 10  meg. 

R5  - 75k 

R6  - 100k 


•'l 


Repetition  Rate  Multivibrator 
schematic  diagram. 


REPETITION  RATE  MULTIVIBRATOR 
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List  of  Components  for  Fig.  17. 


Rl  - 2.2k 
R2  - 15k 
R3  - 2k 
R4  - 10k 
Rc  - 100k 


R6  - 3 meg. 
Ry  ~ 1 meg. 
Ry  - 1 meg. 


R9  - 2k 


Cp  - 200  mfd. 
C2  - 0.03  mfd. 
C3  - 0.03  mfd. 
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taken  from  this  circuit.) 

100  KC  Timing  Oscillators  The  100  ke  oscillator  (Fig.  18)  is  of 
the  cry stal-contr oiled  Pierce  type,  whose  output  is  taken  from  tne  plate 
circuit.  Negative  pulses  so  derived  are  used  to  trigger  a 10sl  divider 
circuit  (which  has  not  yet  been  developed)  and  also  to  supply  the  100  kc 
timing  marks. 

Trigger  Gate  Tube;  The  trigger  gate  tube  (Fig.  19).  which  is 
normally  cut  off,  delivers  a negative  pulse  to  the  delay  circuit  when  pulses 
from  the  90  pis  and  5 pi s pulse-formers  appear  simultaneously  at  points  A 
and  B respectively,  as  is  shown  in  ij'ig.  19,'® 

5 us  and  90  us  Pulse-Former  si  The  5 pis  and  90  pis  pulse-former s« 
similar  in  form,  are  represented  by  the  single  circuit  shown  in  Fig.  20. 
Below  the  diagram  are  listed  the  condenser  and  resistor  values  used  in 
each  of  the  pulse-formers.  The  circuit  is  that  of  a cathode-coupled 
monostabie  (one  .<ick)  multivibrator.  The  desired  output  pulse  of  leng-th 
determined  by  Cp  and  appears  across  R^  for  each  pulse  received  at  tne 
trigger  input. 

Preamplifier  s The  microphone  preamplifier  is  housed  in  a small 
chassis  which  is  to  be  mounted  on  the  microphone  carriage  in  the  near 
vicinity  of  the  microphone.  This  arrangement  will  minim" ?.e  electrical 
pick-up  in  the  receiver  circuit.  Two  views  of  tne  preamplifier  con- 
struction, are  shown  in  Figs.  21  and  22.  i’he  preamplifier  circuit,  Fig. 

23,  consists  of  a low-noise  cathode -coupl ed  input  stage  followed  by  five 
identical  stages  of  amplification  with  plate-to-grid  feedback  in  each 
stage.  A cathode  follower  output  stage  completes  the  amplifier  and  pro- 
vides low  output  impedance  for  cable  termination.  The  overall  gain  of 
the  amplifier  is  about  1000,  and  is  essentially  constant  between  50  kc 


and  3 me 


4c. 


Fig.  18. 


100  k c.  Timing  Oscillator:  schematic  diagram. 
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C]_  - 3-50  mmf. 
C2  - 150  mfd. 


Fig.  19. 

Trigger  Gate  Tube:  schematic  diagram. 


List  of  Components  for  Fig.  19 


R]_  - 100k 
R2  - 100k 
R4  - 10k 
R5  - 3.9k 
R6  - 120k 


C-i  - 0.01  mfd. 
C0  - 0.01  mfd. 
C'^  - 0. ' mfd. 
C,  - 0.1  mfd. 
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Fig.  20. 


5 ns  and  90  ns  Pulse  Formers 
schematic  diagram. 


THE  5 -US  AND  90AJS  PULSE  FORMER 


List  of  Components  for  Fig.  20 

For  the  5 )is  pulse  former. 

Rx  - 10k 

R?  - 6k 

R3  - lk 

R4  - 500k 

R5  - lk 

C-^  - 150  mmf. 

C2  - 50  mmf . 

For  the  90  iJ-s  pulse  former. 

Ri  - 10k 
R2  - 10k 
R3  - lk 
R4  - 1.5  meg. 

R5  - 1k 

C]_  ~ 150  mmf . 

C2  - 500  mmf. 


5 

• * m 

transducer 
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List  of  Components  for  Fig.  23» 


Hi 

100k  1/2 w 

R2 

lk  l/2w 

r3 

2k  lw 

R4  toRg 

120k  l/2w 

Rg  to 

220  ohm  l/2w 

Rl4  to  Rig 

20k  2w 

r19  t0  r23 

7.5k  l/2w 

r24 

2k  l/2w 

r25 

50k  l/2w 

r26 

lk  l/2w 

Cl 

1000  mmf . 

02  and  Cg 

0.1  mfd. 

C4  to  Cg 

1000  mmf. 

C10  t0  C16 

0.1  mfd. 
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Circuits  to  be  Designed!  Of  the  overall  electronic  systems 
shown  in  Fig.  10  and  detailed  further  in  Fig.  15*  the  calibrated  attenu- 
ator, the  power  meter  circuit,  the  pulser,  the  delay  circuit,  the  se- 
lector circuit,  the  amplifier  (all  shown  in  Fig.  10),  and  the  lOil  divider 
(shown  in  Fig.  15)  have  not  been  designed  or  built.  All  but  the  power 
meter  circuit  can  be  designed  in  a rather  conventional  fashion.  Some 
thought  has  been  given  to  the  power  meter  circuit,  and  we  propose  the 
following  general  method  of  designing  it.  According  to  the  basic  method 
of  measuring  electrical  power  already  discussed  in  Section  III  and  dia- 
gramed in  Fig.  2,  it  will  be  necessary  to  measure  voltages  e^  and  ej 
as  well  as  the  phase  difference  between  them,  so  that  L can  be  tuned  to 
obtain  zero  phase  difference.  If  pulse  operation  is  used  an  oscilloscope 
will  be  necessary  for  these  measurements  and  can  also  be  used  if  C.  W. 
operation  is  found  to  be  feasible.  The  phasemeter  would  consist  essentially 
of  a differential  amplifier  wh:l  h will,  in  possible  conjunction  with  further 
amplification,  present  on  the  oscilloscope  screen  a voltage  which  is 
proportional  to  the  vector  difference  between  e^  and  62  (attenuated  to 
the  same  magnitude  as  e^).  The  magnitude  of  this  vector  voltage  would, 
in  turn,  be  proportional  to  sin(©/2) , where  9 is  the  phase  angle  between 
ei  and  e^.  By  successive  adjustments  based  on  viewing  the  oscilloscope 
patterns,  inductor  L can  be  tuned  to  resonance,  at  which  point  9 0. 
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Other  Measurements, 


and  Related  Activities 


1 . Mixed  crystal  studies  in  the  BaTiOp  group . 

Appendices  II  and  III  include  reports  of  work  carried  out  jointly 
under  the  present  contract  and  Contract  No.  AF33 (038) -12645  with  the  Air 
Research  and  Development  Command,  on  crystals  of  the  Me^X+^O^  group,  where 
Me+2  is  Pb+2,  Sr4^  or  Ba4^,  and  X4^  is  Ti4^,  Zr4^  or  Hf4^.  Measurements  in 
other  laboratories  have  established  that  some  of  the  mixed  crystals,  whose 
measurements  are  reported  in  these  appendices,  have  superior  transducer 
characteristics . 

2.  Surveys  of  Russian  Literature  on  Ferroelectrics. 

It  has  of  course  been  necessary  to  carry  on  a thorough  literature 
survey,  throughout  the  present  and  related  programs,  of  work  carried  on  in 
other  laboratories.  A striking  feature  of  the  literature  search  is  the  large 
number  and  impressive  quality  of  Russian  papers  in  this  field. 

Because  of  our  interest  in  these  Russian  contributions,  we  have 
translated  several  of  them.  Three  translations  are  appended  in  Appendix  VII. 

The  first  paper,  by  Smolensky  and  Kojevnikoff,  is  interesting  for 
the  included  survey  of  compounds.  Not  all  of  the  compounds  listed  in  Table  II 
are  actually  ferroelectric,  to  be  sure.  Some  of  the  suggestions  and  questions 
concerning  earlier  measurements  are  very  worthwhile,  particularly  in  the  light 
of  later  observations. 

More  recent  Russian  contributions  are  of  much  greater  interest.  It 


is  anticipated  that  these  will  be  available  in  English  from  one  of  the  several 
new  translating  agencies. 
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3.  Research  on  Other  Ferroelectric „ Piezoelectric  and  High  Dielectric  Crystals. 

It  has  been  stated  earlier  that  the  program  reported  here  is  a part 
of  more  general  investigations  of  ferroelectric  and  high  dielectric  crystals. 

The  chief  supporter  of  the  related  studies  is  the  Air  Research  and  Development 
Command.  A contract  with  the  Signal  Corps,  on  structural  studies  of  piezo- 
electric crystals,  is  being  terminated  due  to  lack  of  funds  in  that  agency  for 
basic  research.  A program  on  neutron  diffraction  analyses  of  ferroelectric 
crystals  is  being  carried  out,  under  the  present  Chief  Investigator,  at  Brook- 
haven  National  Laboratory. 

Among  these  related  investigations  has  been  the  study  and  elucidation 
of  the  structural  mechanism  for  the  ferroelectric  transition  in  Kf^PO^,  by  means 
of  an  X-ray  diffraction  analysis;  a diffraction  investigation  of  the  non-ferro- 
electric  NH^HjPO^  transition  is  nearing  completion;  dielectric  and  other  physical 
studies  of  other  alkali  dihydrogen  phosphates  and  arsenates  and  their  mixed  cry- 
stals have  been  completed;  a precision  X-ray  and  neutron  diffraction  analysis  of 
the  ferroelectric  phase  of  Rochelle  Salt  is  also  nearing  completion;  an  X-ray 
diffraction  analysis  of  the  structure  of  LiNH^C^H^O^'H^O  at  room  temperature, 
and  a very  extensive  investigation  of  the  physical  properties  of  this  crystal  — 
whose  ferroelectric  behavior  we  doubt  seriously  is  in  press;  extensive  dielectric 
and  some  X-ray  studies  of  other  mixed  tartrates  are  in  progress;  studies  of  AIF^, 
CsCdClj  and  related  structures  have  been  carried  out;  investigations  of  the 
transitions  in  Cd2Nb207,  Pb2Nb2(>7,  and  their  mixed  crystals  is  in  press;  chemical 
and  crystal  preparations  of  a great  number  of  compounds  of  possible  dielectric 
or  electromechanical  interest  have  been  in  progress  for  several  years;  piezoelec- 
tric examination  of  these  latter  compounds  is  also  in  progress;  and,  of  course, 
a large  amount  of  instrumentation  has  been  designed  and  constructed  for  all  of 
the  physical  studies  involved. 
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Section  El 
Conclusions 

A.  Whereas  only  a few  years  ago  a very  limited  number  of  compounds 
in  the  oxygen  octahedra  class  were  known  to  possess  useful  ferroelectric  pro- 
perties, particularly  for  high  dielectric  or  transducer  applications,  today  an 
essentially  unlimited  variety  of  such  compounds  is  available.  This  is  the  re- 
sult of  preparation  and  measurements  of  a large  number  of  mixed  crystals.  In 
the  BaTiO^  group,  substitution  of  Fb+^,  Ca+^,  Sr4*',  Cd4^  and  other  bivalent  ions 
for  Ba+^,  and  of  Zr+\  Hf4^,  Sn+^,  Ce4^-  and  other  tetravalent  ions  for  Ti4^,  has 
provided  a tremendous  range  of  new  compounds.  Similar  substitution  in  the  alkali 
metaniobate-metatantalate  group  is  possible.  The  complete  phase  diagrams  of 
only  a very  few  such  mixed  crystal  systems  have  been  explored.  Some  of  the 
mixed  crystals  from  the  BaTiO-j  group  have  already  been  examined  for  transducer 

or  dielectric  properties;  and,  among  these,  some  have  proved  quite  superior  to 
BaTiOj.  Some  measurements  have  been  carried  out,  under  the  present  program,  on 
BaTiO^  in  which  a limited  amount  of  oxygen  has  been  substituted  for  by  S.  Perov- 
skite-like  compounds  with  F or  Cl  in  place  of  0 have  also  been  prepared,  and 
measured  to  some  extent. 

B.  In  the  present  program  it  has  been  possible  to  explore  only  a 
very  limited  range  of  mixed  crystals.  The  KNbO^-NaNbO^  system  has  been  quite 
thoroughly  examined,  and  some  work  on  substituted  PbZrO^  and  PbHfO^  has  been 
accomplished.  It  must  be  recognized  that  each  point  on  the  phase  diagrams 
have  been  examined  by  means  of  dielectric,  X-ray,  optical,  dilatometric  and 
thermal  methods,  and  that  the  materials  must  be  prepared  very  carefully  (to 
avoid  impurities  and  incorrect  compositions). 


C.  It  is  unfortunate  that  time  has  not  permitted  extensive  examina- 

; 

tion  of  LiNbO^,  LiTaO^,  and  the  ilmenite  system  in  general.  Crystals  of  some 
members  of  this  group  have  been  prepared*  and  a few  measurements  accomplished. 

These  are  too  incomplete  to  report  at  this  time.  An  obviously  intriguing  idea 
is  to  examine  mixtures  in  which  Li  is  partially  substituted  for  the  other 
alkali  ions. 

D.  All  earlier  workers  on  NaNbO^  had  reported  this  material  as 
ferroelectric.  Our  measurements  clearly  establish  that  it  is  certainly  not 
ferroelectric,  but  is  probably  antiferroelectric  in  certain  temperature  ranges. 

Addition  of  other  ions  in  very  small  amounts  tremendously  alter  the  dielectric 
and  structural  properties  of  this  material. 


E.  The  extension  of  these  studies  of  mixed  crystal  phases  is  of 
prime  practical  importance.  Once  a two-component  diagram  has  been  worked  out, 
it  becomes  possible  to  prepare  a mixture  whose  properties  are  best  matched  to 
a set  of  prescribed  conditions.  The  addition  of  a third  component,  and  exami- 
nation of  its  influence,  then  becomes  feasible.  Without  guidance  from  such 
phase  studies,  the  empirical  worker  is  essentially  groping  in  the  dark.  What 
he  finds  of  a practical  nature  is  largely  a matter  of  luck;  and  the  number  of 
variables  with  which  he  deals  is  too  large  to  provide  the  best  returns. 

F.  Mixed  crystal  studies  are  of  prime  theoretical  importance,  be- 
cause they  reveal  the  influence  of  ionic  sizes  and  polarizabilities  upon 
lattice  stabilities  at  various  temperatures.  It  can  safely  be  said  that  any 
theory  which  cannot  take  into  account  the  properties  of  mixed  crystals  has  not 
actually  accounted  for  the  behavior  of  simple  compounds J 
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G.  It  has  not  been  possible , as  yet,  to  prepare  crystals  of  the 
alkali  niobates  which  can  be  made  single-domain  at  room  temperature  or  below. 
Preparations  and  measurements  are  now  in  progress  on  mixed  K(Nb.Ta)0-j  compounds, 
since  KTaO^  has  been  reported  to  have  its  upper  Curie  point  at  13°K  The  phase 
studies  of  these  mixtures  have  already  revealed  anomalies.  This  approach  to 
lowering  of  the  KNbO^  transitions  (so  that  the  tetragonal  phase  persists  at  lower 
temperatures)  may  not  be  fruitful,  since  it  is  possible  that  the  KTaO-j  is  en- 
tirely unlike  the  KNbGj  transition.  Until  single-~domain  crystals  are  at  hand 

at  lower  temperatures,  X-ray  studies  of  precise  electron  densities,  and  studies 
of  changes  in  electron  distributions  at  the  transition  points,  are  either  of 
questionable  value  or  not  feasible  at  all.  Efforts  at  determining  the  structure 
of  orthorhombic  KNbO^  have  been  unsuccessful  to  date  just  because  of  the  complex 
twinning  associated  with  domain  orientations. 

H.  Unquestionably,  new  groups  of  oxygen-octahedra  ferroelectrics 
remain  to  be  discovered.  The  recent  discovery  of  ferroelectricity  in  the 
pyrochlor  group  (particularly  Cd2Nb2<>7}  appears  to  be  only  a first  step  toward 
the  uncovering  of  other  groups.  A good  deal  of  thought  has  been  given  to  the 
actual  formation  of  new  oxygen-octahedra  types,  as  well  as  to  the  most  likely 
existing  structures  which  must  be  examined.  A discussion  of  these  matters  will 
be  presented  in  a separate  report  from  this  laboratory. 

I.  When  proper  single  crystals  can  be  obtained.  X-ray  and  neutron 
diffraction  studies  of  the  precise  electron  and  nuclear  distributions  should 
be  particularly  pressed.  Such  studies  have  already  clarified  aspects  of  the 
behavior  of  the  KI^PO^  and  tartrate  classes  of  ferroelectrics. 
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J.  The  electro-acoustical  measuring  equipment  described  in  Section  C 
was  designed  and  constructed,  in  conference  with  Dr.  Wallace  and  Mr.  Rosenblatt, 
because  facilities  for  transducer  efficiency  measurements  were  not  properly 
available  to  the  present  laboratory.  This  now  appears  to  have  been  an  unfortu- 
nate decision,  since  this  aspect  of  our  activities  took  a great  deal  of  time  and 
effort  away  from  the  more  fundamental  physical  studies.  It  is  proposed  that  the 
electro-acoustical  equipment  be  transferred  to  some  other  laboratory  which  would 
make  active  use  of  it,  and  which  would  be  willing  to  carry  out  measurements  on 
materials  prepared  by  us. 
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K.  It  is  our  firm  conviction  that  the  present  program  of  basic 
physical  measurements  should  be  continued,  not  merely  because  of  its  practical 
importance,  but  because  it  provides  a pathway  to  fundamental  under standing  of 
crystal  lattice  and  structured  stabilities. 
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Appendix  I. 


Proposal  for  Program  on 
New  Transducer  Materials 


This  proposal  concerns  a program 
for  the  investigation  and  development  of  new 
materials  for  electromechanical  transducer 
elements.  It  is  to  be  carried  out  in  the  X- 
Ray  and  Crystal  Analysis  Laboratories,  Depart- 
ment of  Physics,  The  Pennsylvania  State  College, 
under  the  direction  of  Ray  Pepinsky,  Research 
Professor  of  Physics. 
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and  measurement  of  new  materials,  among  which  are  potassium  niobate  and  lithium 
tantalate,  for  use  as  electromechanical  transducer  elements. 


II.  Desirable  Properties  in  Transducer  Materials. 

The  choice  of  materials  for  electromechanical  transducer  elements 
depends,  naturally  enough,  upon  the  specific  applications  for  which  the 
elements  are  required.  Chemical,  mechanical  and  temperature  stability  are 
generally  essential,  and  particularly  so  in  military  applications.  If 
high  acoustical  power  is  required,  the  elements  must  be  able  efficiently  to 
generate  high  power  per  unit  area,  and  should  be  capable  of  formation  into 
special  shapes  and  large  sizes.  In  applications  requiring  large  electrical 
response  to  low- intensity  mechanical  power,  the  electromechanical  coupling 
coefficient  must  be  as  high  as  possible,  again  concommitant  with  the  above 
stability  properties.  The  requirements  of  materials  for  electrical  circuit 
filter  elements  include  particular  elastic  and  electric  properties  leading 
to  high  Q values,  low  temperature  sensitivity  and  other  special  characteristics. 

The  remarkable  advantages  of  barium  titanate  as  a substitute  for 
Rochelle  salt,  quartz,  the  alkali  metal  dihydrogen  phosphates  or  tourmalino 
for  use  in  power  transducers  are  now  well  known.  Recently,  however,  newer 
materials  have  appeared  which  seem  to  hold  promise  of  characteristics 
superior  to  barium  titanate.  Among  these  are  potassium  niobate  and  lithium 
tantalate.  It  appears  likely  that  other  compounds  can  be  found  with  similarly 
superior  properties. 
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III.  Program  for  Investigation  and  Development  of  New  Materials. 

A program  has  been  set  out  for  the  preparation  and  measurement  of 
new  substances  for  transducer  applications.  The  purpose  of  this  is  the 
deduction  of  relationships  between  superior  transductive  activity  and  specific 
physical  and  crystal-chemical  properties.  This  program  will  take  the  following 
courses: 

A.  Single  crystals  of  potassium  niobate,  lithium  tantalate  and 
related  materials  will  be  prepared,  by  all  possible  methods. 

B.  Measurements  will  be  carried  out  on  these  single  crystals, 
to  determine  dielectric  properties,  ferroelectric  hysteresis 
curves  and  electromechanical  coupling  coefficients  over  a 
range  of  temperatures,  frequencies  and  field -strengths. 

C.  X-ray  diffraction  measurements  will  be  cerried  out,  to  de- 
termine the  nature  of  the  structural  changes  at  transition 
points,  to  elucidate  if  possible  the  crystal-chemical  bases 
for  superior  electromechanical  properties. 

D.  New  classes  of  crystals,  not  related  to  the  above,  will  be 
prepared  and  examined,  in  a general  search  for  new  trans- 
ducer materials. 

IV.  Expected  Period  of  Performance. 

The  program  is  planned  for  a two-year  period,  and  involving  three 
full-time  investigators  and  a part-time  project  director. 

V.  Laboratory  Facilities. 

The  work  will  be  carried  out  in  the  X-ray  and  crystal  structure 
laboratories  in  the  Department  of  Physics  of  The  Pennsylvania  State  College. 


ij 





3 


Very  excellent  X-ray  and  crystal-measuring  equipment  is  already  available  in 
these  laboratories,  and  the  research  group  has  extensive  experience  in  solid 
state  studies. 

VI.  Personnel  to  be  Attached  to  Project. 

A.  Project  Director:  Ray  Pepinsky,  Research  Professor  of  Physics, 

The  Pennsylvania  State  College. 

B.  Solid  State  Physicist:  Walter  Merz  (Ph.D.,  Zurich),  Research 

Associate,  who  has  just  come  to  The  Pennsylvania  State 
College  after  two  years  of  research  with  Professor  von 
Hippel  at  the  Massachusetts  Institute  of  Technology. 

C.  Physical  Chemist:  Elizabeth  J.  Rock  (Ph.D.,  Penn  State),  who 

has  just  completed  her  doctoral  research  in  low  tempera- 
ture physical  chemist i*v  with  Professor  John  Aston  at 
Penn  State. 

D.  Assistant  Solid  State  Physicist:  Robert  C.  Vernon  (M.S. , 

Wesleyan  University,  Conn.),  Research  Assistant, 
admitted  to  candidacy  for  Ph.D.  at  Penn  State. 
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1. 

STUDY  OF  PHASE  TRANSITIONS  IN  PEROVSKITE-TYPE  CRYSTALS 

The  discovery  of  the  ferroelectric  acitivity  of  BaTiO-^-*-)  has 
attracted  many  researchers  to  further  studies  of  related  perovskite-type 
crystals  with  molecular  formula  ABO3.  The  perovskite-type  crystals  which 
have  shown  ferroelectric  activity  can  be  divided  into  at  least  three  classes! 
one  is  A+^B+^0-j,  such  as  BaTiO^;  the  second  is  A+3-B+50j,  guch  as  KNbO^j  and 
the  third  is  A+1A+3b2+406,  such  as  KLa(T iO-j^ • Other  perovskite-type 
materials  have  also  been  examined  elsewhere,  but  their  characteristics  are 
not  considered  here  because  we  have  had  no  experience  with  them. 

In  the  first  group  we  have  been  studying  the  properties  of  PbHfO-3, 
and  have  found  that  this  crystal  is  an  antiferroelectric  of  the  same  type 
as  PbZrOy  In  the  second  group  we  have  been  interested  in  the  NaNbO^-KNbO^ 
system,  which  shows  very  peculiar  properties,  and  is  discussed  in  some 
detail  below. 
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A.  PHASE  TRANSITIONS  IN  PbHf03 

I.  INTRODUCTION. 

Recent  studies  of  PbTiO^^)  and  PbZrO^^)  have  revealed  interesting 
dielectric  properties  and  relations  of  these  to  the  crystal  structures  of 
these  perovskite-like  compounds.  PbTiO^  is  a ferroelectric  with  a Curie  point 
of  490°C,  and  this  is  very  similar  to  the  much-studied  Curie  point  of  BaTi03 
at  120°Co  Th6  crystal  structure (4)  of  POTiO^  is  distorted  to  a tetragonal 
lattice  below  its  Curie  point , and  with  c/a=1.06at  room  temperature  j it  is 
of  course  cubic  above  its  Curie  point.  The  dielectric  properties  of  PbZr03, 
on  the  other  hand,  have  shown  that  this  crystal  is  not  ferroelectric  but 
rather  antiferroelectric  with  a Curie  point  at  230°C,  notwithstanding  the 
close  resemblance  of  the  permittivity  vs.  temperature  curve  of  this  crystal 
to  those  of  BaTiO^  and  PbTiO^.  The  crystal  structure^  of  PbZrO^  is  distorted 
to  a tetragonal  cell,  but  the  axial  ratio  c/a  is  less  than  unity  (0.99)  — in 
contrast  with  BaTiO^  and  PbTiO^  in  which  c/a  is  bigger  than  unity. 

No  satisfactory  explanation  has  been  given  of  the  reason  why  such 
an  essential  difference  in  dielectric  and  structural  properties  can  be 
observed  in  these  very  closely  related  perovskite  crystals.  Although  there 
is  no  doubt  that  the  large  polarizability  of  the  Pb  ion  in  both  compounds 
contributes  to  these  peculiar  phenomena,  the  essential  difference  in  these 
compounds  is  the  differences  in  ionic  radii  and  polarizabilities  of  B ions 
in.  the  AB03  crystals  which  have  Pb  as  the  common  A ion.  This  fact  suggests 
that  the  further  study  of  lead  compounds  with  different  B ions,  such  as 
PhHf03  and  Pblh03,  may  give  more  information  about  this  interesting  phenomenon. 
The  Hf  ion  has  a rather  close  ionic  radius  to  Zr  and,  at  the  same  time,  a 


different  (probably  larger)  polarizability.  Up  to  now,  however,  few  studies 


were  carried  out  on  hafnium  compounds  because  of  difficulty  of  obtaining  pure 


hafnium.  We  have  carried  out  a dielectric  and  structural  study  of  PbHfO 


and  observe  that  this  crystal  shows  antiferroelectric  behavior  of  the  same 


type  as  PbZrO 


II.  SPECIMEN  PREPARATION 


Ceramic  PbHfO^  was  prepared  from  PbCO^  and  HfO^..  Equimolar  proper1 
tions  of  these  ingredients  were  mixed  well  and  fired  at  about  1200°C  after 
preliminary  firing  at  about  100C°C.  The  specimen  was  pressed  into  a pellet 
with  a pressure  of  about  10^  gm/citf".  The  fired  specimen  is  a hard  ceramic 


with  a yellowish  color 


The  first  difficulty  in  obtaining  good  PtHfOo  arises  from  the 


difficulty  of  obtaining  pure  HfC^.  One  gram  of  Hf02  was  supplied  by  Fairmount 
Chemical  Co.,  which  company  claimed  a purity  of  99,5%  HfC^,  with  0.3/£  Zr02 
and  0,2%,  TiC^.  Rough  estimation  by  spectrographic  examination,  carried  out 


by  Dr.  R.  Hayes  of  the  Pennsylvania  State  College,  indicating  the  existence 
of  Zr  in  an  amount  from  0,03%  to  0,3%,  A second  and  rather  unexpected 


difficulty  is  the  very  severe  evaporation  of  PbO  from  the  specimen  during  the 
course  of  firing.  A similar  difficulty  was  encountered  in  the  case  of  PhTiO^ 
and  a'lsc  (more  pronounced)  in  the  case  of  PbZrO-, • But  in  PtHfO-,  the  evapora- 


tion is  so  severe  that  the  color  of  the  surface  of  the  sintered  specimen 


changes  to  white  and  the  powder  photograph  of  the  surface  material  shows  some 


weak  diffraction  lines  due  to  HfC^ . Though  the  small  supply  of  Hf02  did  not 
allow  ua  to  develop  a satisfactory  method  for  preventing  the  evaporation, 


trie  following  procedure  was  helpful  in  obtaining  a rather  good  specimen.  A 
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few  percent  of  FbO  was  added  in  excess  of  equimolar  proportion,  and  firing  was 
carried  out  rather  quickly  in  a Pt  crucible  with  a cover  to  retard  the  evapora- 
tion of  Fb0o  The  white  surface  of  the  specimen  was  removed  by  polishing,  and 
the  uniform  yellow  interior  part  was  used  for  the  dielectric  and  structural 
studies.  No  chemical  analysis  was  carried  out  of  the  final  specimen,  and 
this  should  ultimately  be  done  » 

III...  CRYSTAL  STRUCTURE  AT  ROOM  TEMPERATURE. 

Powder  photographs  of  PbHfO^  were  taken  with  a Norelco  powder  camera 
(11.4  cm,  diameter),  using  Cu  Ka  radiation.  Diffraction  lines  clearly  show 
a distorted  percvskite  structure,  and  all  multiplets  can  be  well  explained  by 
assuming  a tetragonal  cell  with  c/a  <1.  The  lattice  constant  and  axial  ratio 
calculated  from  ( 510 ) 9 (431)  and  (422)  lines  are  shown  below,  together  with 
data  for  POTIO^  and  PbZrO^. 


Table  I 


Crystal 

a-axis 

c/a 

unit 

cell  volume 

p trio  ^ 

3.905 

1.063 

63.30 

PhZrO-j 

4.159 

0.988 

71.06 

PbHfO- 

4.136 

0.991 

70.06 

(x=i.  54058 

was  used  as 

the  Cu  Kai  wave  length. 

The 

values  for 

PbSrO^  and 

PtfTiO^  were 

recalculated  from  Megaw' 

3(4) 

data  with 

th is  wave  length » ) 

It  is  to  be  noted  here  that  the  c/a  ratio  for  PhHfO^  is  less  than 
unity,  as  In  PbZrO^.  Moreover,  some  extra  lines  can  be  observed  in  the  PbHfO^ 
pewiar  photograph  besides  the  main  lines  due  to  a perovskite  structure.  Careful 


i 


i 


comparison  of  these  extra  lines  with  those  of  PbZrQ-j  shewed  essentially  the 
same  character  of  superstructure  line  not  only  in  spacing  hut  also  in  relative 
intensities*  These  facts  strongly  suggest  that  PfcHfO^  has  the  same  type  of 
superstructure  as  PbZrO^,  which  latter  was  studied  by  Sawaguehi  et  al(^)  using 
a single  crystal  method <>  These  investigators  found  an  antiparallel  displace- 
mf  t or  Zr  (cr  Pb)  ions  as  s'ncwr.  in  Fig.  lo  Thus  we  can  expect  antiferro- 
electricity  in  pbHfO-j  similar  tc  that  in  PbZrO^.  Rough  estimation  of  the 
intensities  of  diffraction  patterns  of  these  twe  crystals  are  shown  in  Fig.  2. 
Superstructure  lines  are  indicated  'ey  open  circles. 

Besides  these  very  close  resemblances  between  the  X-ray  powder 
patterns  cf  these  two  compounds,  we  can  find  a large  difference  in  the  ratio 

o 2 2 

of  the  intensity  of  odd  N = h + K +1  to  that  of  ever.  N,  as  easily  seen  in 
Fig.  2.  This  can  be  explained  well  py  the  difference  in  the  atomic  scattering 
factors  of  Zr  and  Hf.  Another  interesting  result  is  that  the  unit  cell  volume 
of  PbHfO-j  is  smaller  than  FbZrO^,  which  obviously  shows  that  the  Hf  ^ ion  is 
sligntiy  smaller  than  Zr  lor.. 

IV.  IIELECTRIC  PROPERTIES. 

The  specimen  for  dielectric  measurement  was  a disk  1 mm.  in  thick- 
ness and  0.3  cm.';  ir.  area,  and  silver  paste  was  applied  to  both  surfaces  a s 
electrodes.  Fig.  3 shows  the  dialer trie  constant  vs.  temperature  curve  at  a 
frequency  of  10  kc/seo. 

This  curve  shows  two  anomalies  in  the  temperature  dependence  of 
dielectric  constant*  one  is  a small  anomaly  at  160°C , which  suggests  the 
existence  of  seam-  kind  of  phase  change  $ another  is  a pronounced  peak  at  21C°C , 
above  which  the  crystal  becomes  paraelectrico  From  the  crystal  structure  vp 
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Fig.  1 A model  of  the  atomic  arrangement  of  PbZr03,  (001) 
plane.  Although  the  true  symmetry  may  be  orthorhombic,  we 
choose  here  tetragonal  axes.  An  arrow  shows  the  displacement  of 
a heavy  ion  (probably  a Pb  ion). 
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can  expect  ar.tiferroelectric  pr-  perti.es  in  the  phase  be  lew  160°C,  and  there 
is  no  doubt  above  the  paraelectr icily  above  2I0°C.  To  study  the  dielectric 
response  of  the  intermediate  phase  we  examined  the  polarization  vs.  electric 
field  relation  -under  an  a>c>  amplitude  of  10  kv/cm.  As  shown  in  Fig.  4* 
the  P-E  relation  is  almost  linear  in  all  t.hrse  phases  except  for  a slight 
upward  curvature  just-  below  the  Curia  points  No  ferroelectric  hysteresis  loops 
were  observed  even  just  below  the  Curie  points 

From  this  we  ear.  conclude,  taking  into  account  the  crystal  structure 
at  room  temperature,  that  the  lowest  phase  below  160°C  is  an  antiferroelectric 
ph a se  as  observed  In  PbZrQ^  (phase  Al)  and  that  the  intermediate  phase  is 
another  ant iferrcelee trie  phase  -All)  which  must  differ  from  phase  AI  in  some 
way. 

Above  the  Curie  point  the  temperature  dependence  of  the  dielectric 
constant  obeys  the  Curie -Weiss  law  £ ~ l/(T-T0)»  with  C - 1.0  x 20',  T0  = 110°Cf 
this  Curie  c net  ant  is  very  close  to  those  of  BaTtO^  and  PbZrO-js 

V.  STRUCTURAL  CHANGES  AROUND  THE  PHASE  TP-ANSmONS. 

As  shown  in  Fig.  3,  the  dielectric  constant  vs,  temperature  curve 
shows  two  anomalies,  indicating  two  phase  changes.  New,  the  interesting  problem 
is  the  crystal  structure  of  PfcHfOj  in  the  intermediate  phase  between  these  two 
phase  changes  at  160cC  and  °C . Tc  check  this  point,  a series  of  powder 
photographs  at  various  temperatures  were  taken  by  using  the  Unicam  (19  cm.) 
high-temperature  X-ray  powder  camera. 

Below  160°C  the  diffraction  patterns  are  essentially  the  same  as  at 
room  temperature,  except  that  the  c/a  ratio  tends  toward  unity  and,  at  the 
same  time,  the  intensity  of  extra  lines  decreases  gradually  as  160°C  is 
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approached  from  below.  Above  21 0~'C  the  photographs  show  a cubic  perovekite 
lattice  without  any  superstructure  lines. 

The  diffraction  patterns  at  the  temperature  region  is  the  Intel-mediate 
phase  is  very  close  to  a cubic  pattern,  and  we  can  observe  multiplets  only  in  a 
feu  high-angle  lines.  In  suc-h  a case  it  is  rather  difficult  to  determine  the 
structure  by  using  powder  photograph  only  5 but  -we.  tried  to  explain  these  mul- 
tiple's only  in  a fsw  high-angle  lines.  In  such  a case  it  is  rather  difficult 
to  determine  the  structure  by  using  powder  photograph  only $ but  we  tried  to 
explain  these  multiplets  oy  assuming  simple  possible  cases  such  as  tetragonal 
c/a  ' 1,  orthorhombic  and  rhombonedral.  We  found  that  these  multiplets  can  be 
well  explained  if  we  assume  a tetragonal  lattice  with  c/a<l.  The  lattice 
parameters  and  c/a  calculated  from  (510),  (431)  and  (422)  lines  are  shown  in 
Fig.  5 and  Fig.  6. 

The  dielectric  test  showed  that  the  dielectric  properties  of  this 
middle  phase  may  be  antiferroelectric.  Careful  examination  of  powier  photograph 
reveals  a few  rather  weak  but  definite  superstructure  lir.es,  which  are  differ- 
ent from  those  found  at  room  temperature  both  in  spacing  and  in  relative  in- 
tensity. 

The  above  results  shew  that  the  change  at  160cC  is  a phase  trans- 
formation from  tetragonal  to  another  tetragonal  phase,  with  a discontinuity 
in  the  axial  ratio  c/a.  This  seems  rather  strange.  However,  we  must  notice 
here  that  the  powder  pattern  at  room  temperature  Indicates  a tetragonal  lattice 
with  c/a  <it  brut  the  structural  study  of  a single  crystal  of  PbZrO^  showed, 
as  seen  in  Fig.  1,  that  th6  tras  symmetry  c-f  crystal  is  not  tetragonal  but 
orthorhombl'.  0 We  can  conclude  that  the  phase  transition  at  160°C  is  a phase 
change  from  orthorhombic  phase  to  a tetragonal  phase,  caused  by  some  rearrange- 
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mart  of  the  antiparallel  displacement  of  ions.  The  detailed  study  of  the 
crystal  structure  of  the  Intermediate  phase  must  await  a single  crystal  study. 

Summarizing,  the  phase  changes  in  PbHfO^  are  shown  in  schematical  form 
as  follows s 

Ant iferroelec trie  I Antiferroelectrie  II  Paraelectric 

--- - 160°C  210°C-  — — — 

Orthorhombic  Tetragonal  Cubic 

( p seud o-te tragonal ) 

71 DISCUSSION. 

The  foregoing  experimental  results  has  shown  that  P'difO-  is  anti- 
forrr electric  with  a Curie  point  of  210°C.  The  interesting  and  rather  un- 
expected results  of  these  observations  ares  firstly,  the  Curie  point  of 
PbHfO^  is  very  close  to  that  of  PhZrO^,  notwithstanding  the  difference  in  the 
ionic  radii  and  polarizabilities  of  these  crystals}  and,  secondly,  the  ex- 
istence of  the  antiferroelectrie  Intermediate  phase  between  the  lowest  and 
paraelectric  phases.  At  present  it  is  difficult  to  explain  these  facts}  but 
the  following  consideration  may  be  helpful o 

The  recent  studies  of  PbZtO-^  ^'  and  solid  solutions*' ^ derived  from 
PbZ?Oj  by  replacing  Pb  or  Zr  ions  by  other  suitable  ions  show  the  rather 
peculiar  phase  diagrams  as  shown  in  Figs.  ‘7  and  d.  In  the  oases  of  Pb(Zr-Ti)Oj 
ar;d  (Ph-Ba )Zr0^s  the  rhombohedral  ferroelectric  intermediate  phase  was  observed, 
and,  on  the  other  hand,  in  the  case  of  (Pb-Sr)ZrO-j,  the  tetragonal  antiferro- 
electrlc  intermediate  phase  wa3  found.  A comparison  of  superstructure  lines 
in  the  intermediate  phase  of  (Pb-SrJZr©^  and  PtHfO-j  showed  that  the  both 
compounds  have  essentially  the  same  superstructure}  consequently  they  are 
probably  the  same  phase. 


Cubic 


(Pb—  Ba)Zr  03 


Antifnrroelectric  I 
--  (Tetragonal ) 


r 
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Proper  explanations  of  these  many  experimental  results  are  net  yet 
possible o However 9 if  we  assume  that  the  small  ionic  radius  and  large  polar- 
izability of  Hf  ion  compared  with  those  of  PbZrG^  have  almost  compensated 
each  other,  we  can  possibly  explain  — or  at  least  expect  — the  small  change 
Of  the  Curie  point  from  PbZrO^  to  PbHfu-j,  and  the  existence  of  the  intermediate 
phase  in  P'difOy 

Bo  STUDY  OF  MaNbO^-KNbO^  SYSTEM 

lo  INTRODUCTION. 

The  ferroelectric  phase  transitions  in  perovskite  niobates  were 
studied  by  Matthias  and  Remeika>  ‘ and  by  Wood , with  the  following  results  8 
KNbOy  orthorhombic  ?ZG‘ C tetragonal  cubic, 

NaNbQjS  orthorhombic  j*Tj3°C  tetragonal  130°C  cubic. 

Concerning  KNhO^,  a recent  study in  our  laboratory  has  revealed  the  existence 
-f  a phase  change  at  -20°C , showing  the  existence  of  a lower  rhombohedral  phase 
which  gives  this  crystal  the  complete  similarity  to  the  phase  changes  ir  BaTiO. • 
Or.  the  other  hand,  the  situation  with  NaNbOrj  is  rather  confusing. 
First,  structural  study  of  this  crystal  at  room  temperature  oy  Vousden^^ 
showed  the  non-polar  structure  which  rejects,  In  any  case,  the  existence  of 
: rroele<  tri<  icy  in  this  crystal*  Second,  the  opl  Leal  Mid  X-ray  studies  by 
Wood  has  suggested  another  higher  phase  change  around  64C°C,  in  addition  to 
two  phase  transitions  at  370°C  and  4S0°C j and  an  optical  study  by  Vouaden  led 
that  investigator  to  report  two  phase  changes  at  30G°C  and  600°C. 

These  two  questions- s whether  NaNbO^  is  really  ferroelectric  or  not, 
and  what  transitions  really  exist  in  NaNbOj  at  high  temperatures,  suggested 
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the  need  for  a further  study  of  NaNbO -j  and  its  solid  solutions  with  KNbO^. 

II.  DIELECTRIC  PROPERTIES. 

The  specimen  used  for  the  following  experiments  were  prepared  from 
K2CO3,  Na2CC>3  and  These  ingredients  were  mixed  in  desired  proportions 

and  fired  at  various  temperature,  which  varied  from  1200°C  for  pure  NaNbO ^ 
to  1000°C  for  pure  KNbO^  after  preliminary  calcination.  It  is  rather  difficult 
to  obtain  hard  ceramics,  especially  toward  the  pure  KNoO,  side  5 but  applying 
a large  pressure  to  the  pellet  and  adjusting  the  firing  temperature  to  just 
below  the  melting  point,  we  could  obtain  good  ceramics  which  are  hard  enough 
for  dielectric  tests.  Silver  paste  was  applied  to  both  surfaces  as  electrodes. 

Dielectric  constant  vs.  temperature  curves  were  measured  at  10  kc/sec 
and  10  v/cm.  Some  of  the  results  are  shown  in  Fig.  9 to  11.  In  NaNbO^  we 
observed  only  one  anomaly  at  370cC,  in  contrast  with  the  two  phase  changes  at 
370  C and  480°C  previously  reported  by  Matthias  and  Remelka.  When  we  replace 
small  amount  of  Na  in  NaNbO^  by  K,  we  observe  two  an  mal  Let  as  shown  ir.  Fig,  9 
for  (K^-NagrjjNbOj.  With  increasing  K concentration,  these  two  anomalies  were 
observed  always  around  200°C  and  400c'C.  The  dielectric  constant  of  pure  KN bO 
shows  two  anomalies  at  320 °C  and  430°C . in  good  agreemen*.  wit:,  the  previous 
data  of  Matthias  and  Remeika. 

From  these  measurement  , the  phase  diagram  of  vh~Na)NbO^  was  obtained 
as  shown  in  Figo  12.  To  study  the  f-'rroelectriclty  of  each  phase  show;-;  in 
this  diagram,  we  examined  the  hysteresis  loops  of  a number  of  solid  solutions, 
and  some  of  the  results  are  shown  in  FJ^.  13®  Above  the  highest  phase  line, 
as  expected,  the  P-E  relation  is  always  linear.  Ir  the  Intermediate  phase 
w.  can  get  good  hysteresis  loop  even  in  the  specimen  near  the  pure  NaNbO.,  side. 


Paraelectric  Cubic 


PHASE  DIAGRAM  OF  (K-Na)NbO 
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In  the  lowest  phase,  we  can  get  ferroelectric  hysteresis  loops,  except  for 
a region  very  close  to  pure  NaNbG^i  but,  comparing  the  loops  of  the  same 
specimen  at  the  intermediate  phase,  the  coercive  force  is  larger  and  the  spon- 
taneous polarization  is  smaller,  As  shown  in  Figo  13,  the  hysteresis  loop  at 
the  lowest  phase  becomes  more  and  more  ambiguous  as  we  approach  pure  NaNbO-, 
although  the  solid  solution  such  as  (K  -Na  'NbCL  and  (K  -Na  )NbG., 

0.1.0  *yO  J oU5  • *7  J 

show  good  loops  in  the  intermediate  phase o No  hysteresis  loops  were  observed 
in  pure  NaNbO^o  From  these  results  we  can  conclude  the  paraelectric  character 
of  the  highest  phase,  ferroelectric:'  ty  in  the  middle  phase,  and  also  ferro- 
eleetriuity  in  the  lowest  phase  except  for  the  pure  NaNbO~o 

Hie  STRUCTURAL  STUDY, 

Before  discussion  of  this  phase  diagram  of  the  (Na-K)NbC^  system,  we 
roast  examine  the  important  point  whether  this  (K-Na)NbO^  system  is  really  form- 
ing a solid  solution,  because  the  difference  of  ionic  radii  of  K and  Na  is 
large  enough  to  give  us  this  doubt o 

(A)  Crystal  Structures  at  Room  Temperature, 

The  crystal  structures  of  KNbC^  and  NaN a t room  temperature  were 
studies  by  Wood^  and  by  Vousdmv J ‘ 1 • Both  crystals  show  the  same  type  of 
orthorhombic  distortion  from  cubic  perovskite , but  NaNbO ^ differ?  from  KNbO-j 
in  one  important  point,  namely,  the  patten,  s w "ex',  ra  lines"  which  requires 
tiie  assumption  of  some  kind  of  super- true ture , This  superstructure  was  studied 
by  Vouadert^-1  • , who  reported  the  nor.-polar  si  lecture  of  this  crystal,  and  drew 
some  strange  conclusions  from  this, 

A series  of  powder  photographs  were  taken  with  the  various  composi- 
tions covering  the  whole  range  of  the  (K-Na/NbO^  system.  It  is  rather  difficult 
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to  get  clearly  resolved  photographs  especially  on  the  NaN'bO^  side.  This  is 
presumably  due  to  the  large  difference  of  ionic  radii  of'  K and  Na,  which 
inevitably  causes  a large  internal  strain..  Especially  on  the  NaNrC^  side 
the  replacement  of  the  small  Na  ion  with  the  iarge  K ion.  may  causa  more  strain 
than  in  the  opposite  case  near  KNbO^o 

From  the  comparison  cf  the  photographs  of  whole  solid  solution  rang a t 
we  can  reach  following  conclusions: 

(1)  The  lattice  constant  decreases  gradually  from  KNbO-  to  NaNbOj#  and  no  evi- 
dence was  observed  for  the  existence  of  a nixed  phase# 

(2)  Powder  photographs  of  solid  solutions  ranging  from  KNbO^  to  (K^g-Ns^Q'iNbO-^ 
show  3harp  lir.es,  and  essentially  the  same  characteristics  as  pure  KNbOj. 

(3)  From  pure  NaNbO^  to  (K^ , )NbO  the  diffraction  patterns  are  essen- 
tially the  same  as  pure  NaNbO^?  i.e.,  they  show  the  same  type  of  extra  lines. 

(4)  In  the  intermediate  region  between  (K  . „-Na  , .,)NbO.,  to  (K  --.-Na  -„)NbO_ 

oA  vJ  o tx j j oOU  *«u  3 

the  diffraction  lines  are  rather  diffuse,  and  it  seems  that  the  border-line 
between  the  two  orthorhombic  phases  exists  in  this  legrcn.  But  the  lattice 
constants  show  gradual  changes  even  in  this  region# 

(B)  Lattice  Change  around  the  Transitions# 

To  examine  the  crystal  structures  of  the  intermediate  phase  and 
highest  phase  in  the  diagram  shown  in  Fig.  12,  v.  “■‘udied  the  temperature 
dependence  of  crystal  structure  of  KNbO-jt  (K  - . -Na  .(,}NbG^,  and  NaNbO^#  The 
Unlearn  19  cm#  high  temperature  powder  ’amera  was  U3ed  with  Cu  Ka  radiation# 

The  crystal  structures  of  KNbO-  n‘  high  temperature.:  were  already 
studied  by  Wood,  arid  our  re-examination  shows  complete  agreement  with  the 
previous  data,  giving  the  tetragonal  structure  with  :.•/*  > 1 between  220°C  and 
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430'C,  and  the  cubic  structure  above  430 ‘'C . 

(K  -.n~Na  „n'lNbfj,  shows  the  same  lattice  type  at.  room  temperature 
as  NaNbC^i  and  ft  changes  to  tetragonal  lattice  with  c/a  > 1 at  the  phase 
transition  of  240°C,  and  extra  lines  seem  to  disappear  at  the  same  time.  This 
tetragonal  structure,  therefore,  is  the  same  lattice  type  as  in  the  .intermediate 
phase  of  RNbO^o  The  structure  is  cubic  above  40QC1  • 

The  study  of  pure  NaNbCj  shows  tnat  this  crystal  is  orthorhombic 
below  370^0,  and  the  diffraction  patter?  5 taken  above  this  temperature,  e.g. 
40C'G,  clearly  show  the  lines  cf  cubic  perovskite . From  this  we  can  expect 
no  more  phase  change  at  higher  temperatures. 

The 3*  results  give  the  structural  support  for  the  phase  diagram 
shown  in  Fig,  12. 


IV.  SPECIFIC  HEAT  MEASUREMENTS. 

Specific  heat  vs.  temperature  cur/e s cf  KNbO^,  (K^-Q-Na  ^,.)NbO^  ar.d 
NaNbO^  were  measured  try  using  an  adiabatic  calorimeter  of  Nagasaki-Takagi 
type  t which  is  an  improvement  of  Sykes*  calorimeter.  Detail  of  the  cor.™ 
strict  ion  of  this  calorimeter  was  described  in  a preceding  report^-1  3). 

The  specimen  is  a powdered  ceramic  prepared  by  the  earns’,  method  as 
the  specimen  for  the  dielectric  and  structural  measurements..  About  15  gms 
of  material  was  placed  In  the  Ft  vessel,  and  heated  at  a rate  of  about  2°C/n*ir. 
The  heat  content  of  the  empty  calorimeter  was  calibrated  'by  using  SiC^  as  a 
standard  substance.  The  results  are  shown  in  Fig.  14  - 16. 

From  these  curves  we  can  easily  see  that  NaNbO^  and  (KolQ-Na  gQ)NbO^ 
show  rather  small  anomalies  compared  with  the  relatively  large  anomalies  in 
KNbOj.  By  astraming  a broken  line  shown  in  the  figures  as  a normal  specific 
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heat  curve,  we  can  obtain  the  integrated  transition  energies  as  follows? 

lower  phase  change  tipper  phase  change 


KNb03 

85 

cal/mcle 

190 

eal/mole 

(K.10-Na.90)Nb03 

20 

eal/mole 

60 

eal/mole 

NaNbOj 

50 

eal/mole 

Vo  r rscussiQNs. 

Summarizing  the  above  results,  we  can  reach  following  conclusions? 

(1)  NaNbO^  shows  only  one  phase  transition  at  370UC,  accompanied  'by  a structural 
change  from  orthorhombic  to  cubic. 

(2)  When  a small  amount  of  Na  is  replaced  by  K,  the  ferroelectric  intermediate 
phase  can  be  observed.  This  phase  shows  a tetragonal  lattice  with  c/a  > 1,  and 
it  is  the  same  phase  as  the  intermediate  phase  of  KNbO 

(3)  Concerning  the  ferroelectricity  of  pure  NaNbO^,  though  the  phase  diagram 
suggests  ferroelectricity  in  this  crystal,  the  absence  of  detectable 
hysteresis  loops  gives  us  strong  doubt.  This  problem  is  still  open  to  question, 
and  must  await  further  study. 

We  must  add  here  the  following  results,  obtained  very  recently,  after 
completion  of  the  study  of  (K-Na)NbOj  system  using  ceramic  specimen.  Single 
crystals  of  NaNbO^  were  prepared  by  the  method  used  by  Matthias  and  Remeikas 
namely,  a mixture  of  NaNbO^,  Nb^O^  and  NaF  was  slowly  cooled  from  1500cGo  Some 
of  these  single  crystals  show  the  dielectric  anomalies  at  370°C  and  480°C  in 
agreement  with  previous  data  and  in  contrast  with  our  data  on  the  ceramics. 

However,  this  phase  change  at  480°C  may  be  explained  by  the  small  impurity 
contained  in  the  crystal,  because  the  phase  diagram  shown  in  Fig.  12  suggests 
that  even  small  amount  of  impurity  in  NaNbO-^  can  easily  result  in  another  phase 
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change.  Up  to  now,  no  hysteresis  loops  were  observed  in  NaNbO^  single  crystals. 

i ■ 

Further  study  of  single  crystals  are  now  under  way0 
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PHASE  TRANSITIONS  IN  ANTIFERROELECTRIC  PbHfO--,* 
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Abstract 

Phase  transitions  in  ceramic  PbHfO^  have  been  studied  by  di- 
electric and  structural  measurements.  The  dielectric  constant  is  about 
90  at  room  temperature,  and  its  temperature  dependence  shows  a small 
anomaly  at  163 °C  and  a pronounced  peak  of  540  at  215°C»  The  P-E  re- 
lation, however,  is  almost  linear,  showing  no  ferroelectric  hysteresis 
loops  within  this  temperature  range.  At  room  temperature  PbHfO^  has 
a tetragonal  lattice  of  the  perovskite  type  with  a = 4.136&  and 
c/a  = 0.991,  and  a powder  X-ray  photograph  shows  some  superstructure 
lines  which  have  essentially  the  same  character  as  those  of  PbZrO^° 

This  shows  that  PbHf'O^  is  an  antiferroelectric  of  the  PbZrO^  type  be- 
low 163°C.  The  crystal  structure  between  163°C  and  215°C  is  also 
based  on  a tetragonal  lattice J but  the  axial  ratio  c/a  is  much  closer 
to  unity  (0.997),  and  the  observed  superstructure  lines  are  different 
from  those  of  the  lowest  phase.  Thus  the  intermediate  phase  is 
another  antiferroelectric  phase,  with  a different  type  of  dipole 
arrangement  from  that  of  the  lowest  phase.  At  215°C,  it  becomes 
paraelectric,  accompanied  by  a change  to  a cubic  structure. 
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I.  INTRODUCTION. 

Recent  studies  of  PDTiO^  * and  PbZrO-^  have  revealed  interesting 
dielectric  properties  and  relations  of  these  to  the  crystal  structures  of  these 
perovskite-type  compounds.  PbliO^  is  a ferroelectric  with  a Curie  point  of 
490 and  this  is  very  similar  to  the  much-studied  Curie  point  of  BaTiO^ 
at  120°C.  The  crystal  structure^  of  PtTiO^  is  distorted  to  a tetragonal  lattice 
with  c/a  = 1.063  below  its  Curie  point.  The  dielectric  properties  of  PbZrO^* 
on  the  other  hand,  have  shown  that  this  crystal  is  not  ferroelectric  but  anti- 
ferroelectric  with  a Curie  point  at  230°C,  notwithstanding  the  close  resemblance 
of  the  permittivity  vs.  temperature  curve  of  this  crystal  to  those  of  BaTiO-j 
and  PbTiO^.  The  crystal  structure^  of  PbZrO^  is  distorted  to  a tetragonal  cell, 
but  the  axial  ratio  c/a  is  less  than  unity  (0.99),  in  contrast  with  BaTiO^  and 
PbTiO-j  in  which  c/a  is  greater  than  unity. 

No  satisfactory  explanation  has  been  given  of  the  reason  why  such  an 
essential  difference  in  dielectric  and  structural  properties  can  be  observed  in 
these  very  closely  related  perovskite  crystals.  Although  there  is  no  doubt  that 
the  large  polarizability  of  the  Pb  ion  in  both  compounds  contributes  to  these 
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peculiar  phenomena,  the  essential  difference  in  the  compounds  is  in  the  ionic 

radii  and  polarizabilities  of  B ions  in  the  ABO-  type  crystals  which  have  Fb  as 

a common  A ion.  This  fact  suggests  that  the  further  study  of  lead  compounds  with 

different  B ions,  such  as  FbHfO^may  give  more  information  about  this  phenomenon. 

Compared  with  a detailed  study  of  titanates  and  zirconates  of  perovskite- 

type  crystals,  very  little  information  is  available  on  the  properties  of  haf nates. 

8 Q 

The  crystal  structure  of  SrHfO-j  and  BaHfO^  has  been  reported  as  a cubic  perovskite 

type,  and  the  lattice  constants  are  shown  in  Table  I,  in  which  comparison  is  made 

7 

with  the  results  on  SrZrO^  and  BaZrO^  . It  is  noticed  here  that  hafnates  have 
smaller  lattice  constants  than  those  of  the  corresponding  zirconates.  This  is 
due  to  the  fact  that  Hf+^  ion  has  a slightly  smaller  ionic  radius,  0.84A,  compared 
with  0.87A  for  Zr+^,  because  of  the  lanthanide  contraction^ „ Since  no  measure- 
ments on  PbHfO^  appear  to  have  been  published,  a detailed  study  was  made  of  the 
dielectric  and  structural  properties  of  this  crystal. 


II.  CRYSTAL  STRUCTURE  AT  ROOM  TEMPERATURE. 

Ceramic  PbHfO-j  was  prepared  from  PbCO^  and  One  gram  of  Hf02  was 

obtained  from  the  Fairmount  Chemical  Co„,  with  a stated  purity  of  99.5%,  with 
0.3%  ZrO^  and  0.2%  TiO^.  Rough  estimation  by  spectrographic  examination,  carried 
out  by  Prof.  R„  Hayes  of  the  Department  of  Chemistry,  The  Pennsylvania  State  College, 
indicated  the  existence  of  Zr  in  an  amount  from  0.03  to  0.3  percent.  Equimolar 
proportion  of  this  HfO^  and  reagent- grade  PbCO^  were  mixed  well,  pressed  into  a 


8.  S.  Naray-Szabo,  Muegypteni  Kozlemenyek,  No.  1,  30  (1947).  Monoclinic  structure 

with  double  lattice  constant  is  also  assigned  this  crystal. 

9.  Private  'ommunication  from  H.  Graenicher  (1952).  Recently,  we  measured  the 

lattice  constant  of  this  crystal  using  a Norelco  11.4  cm.  powder  camera,  and 
obtained  a = 4-172A,  in  good  agreement  with  the  Graenicher1 s result. 

10.  These  values  of  ionic  radii  (Goldschmidt  radii)  are  taken  from  A.  F.  Wells, 
Structural  Inorganic  Chemistry,  (Oxford  University  Press),  (1951) , p.  71. 
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pellet^  and  fired  at  about  12 00°C  after  preliminary  firing  at  about  1000°C. 

A difficulty  in  preparing  PbHfO^  ceramic  arises  from  the  high  volatility 

5 

of  PbO  during  firing,  A similar  difficulty  was  encountered  in  the  case  of  PbTiOj 
and  also  (more  pronounced)  in  with  FbZrO^,  But  in  PbHfO^  the  evaporation  is  so 
severe  that,  using  the  ordinary  firing  process,  the  surface  of  the  sintered  specimen 
changes  from  tan  to  white,  and  a powder  X-ray  photograph  of  the  surface  material 
shows  some  weak  lines  due  to  HfC^,  The  small  suprly  of  HfO^  did  not  permit  develop- 
ment of  a completely  satisfactory  method  for  prevention  of  the  evaporation,  but  the 
following  procedure  was  tried, 

A pressed  pellet  was  placed  between  two  platinum  sheets  to  retard  the 
evaporation  of  PbO  during  firing.  The  firing  was  carried  out  rather  quickly,  by 
heating  to  1200°C  in  4 hours  and  cooling  down  in  6 hours.  The  specimen  thus 
obtained  was  a homogeneous  and  hard  ceramic,  tan  in  color.  This  specimen  was  used 
for  the  dielectric  and  structural  studies.  As  shown  below,  it  shows  well  resolved 
diffraction  lines  in  the  powder  photograph.  No  chemical  analysis  was  carried  out 
of  the  final  specimen. 

Powder  photographs  of  this  ceramic  were  taken  with  a Norelco  powder 

camera  (ll,4  cm,  diameter),  using  CuKa  radiation.  Diffraction  lines  clearly  show 

line  splittings  due  to  a distorted  perovskite  structure,  and  all  multiplets  can  be 

well  explained  by  assuming  a tetragonal  cell  with  c/a  less  than  1,  The  lattice 

constant  and  axial  ratio  calculated  from  (510),  (431)  and  (422)  line  groups  are 

a = 4,136  (i0.001)A  and  c/a  = 0,991  (±0,001),  The  comparison  of  these  lattice 
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parameters  with  those  of  PbTiO  and  PbZrO-  are  shown  in  Table  II.  As  expected 

3 3 1 

from  the  difference  in  ionic  radii  of  Hf  and  Zr,  PbHfO^  shows  a slightly  smaller 

unit  cell  volume  than  that  of  PbZrO^. 

It  is  to  be  noted  here  that  the  c/a  ratio  for  PbHfO^  is  less  than  unity, 

as  in  PbZr0_,  Moreover,  some  e-tra  lines  can  be  observed  in  the  PbHfO  powder 

3 3 
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photograph  besides  the  main  lines  due  to  a perovskite  structure „ Careful  comparison 
of  these  extra  lines  with  those  of  PbZrO^  shows  that  both  have  essentially  the 
same  character  not  only  in  spacing  but  also  in  relative  intensities,,  These  facts 
strongly  suggest  that  FbHfO^  has  the  same  type  of  superstructure  as  PbZrO^,  which 
was  studied  by  Sawaguchi  et  al„^,  using  a single  crystal  method,,  It  should  be 
noticed  here  that  this  superstructure  of  PbZrO^  is  due  to  an  antiparallel  dis- 
placement of  Pb  ions  in  the  [110]  and  [110]  directions}  therefore,  the  true 
symmetry  is  probably  orthorhombic. 

Beside  the  very  close  resemblance  between  the  X-ray  powder  patterns  of 

these  two  compounds,  we  can  find  a large  difference  in  the  ratio  of  the  intensity 
2 2 2 

of  odd  N = h +k  +1  to  that  for  even  N„  This  can  be  explained  well  by  the 
difference  in  the  atomic  scattering  factors  of  Zr  and  Hf„ 

III.  DIELECTRIC  PROPERTIES. 

The  specimen  for  dielectric  measurements  was  a ceramic  disk  1 mm.  in 

p 

thickness  and  0.3  cm  in  area,  and  silver  paste  was  applied  to  both  surfaces  as 
electrodes.  The  dielectric  constant  of  this  specimen  at  room  temperature  is  about 
90  at  a frequency  of  10  kc/sec  and  a field  strength  of  about  10  v/cm.  Figure  1 
shows  the  dielectric  constant  vs.  varying  temperature  curves.  Heating  and  cooling 
rate  is  about  1°C  per  minute.  This  curve  shows  two  anomalies!  one  is  a small 
anomaly  at  163°C,  which  suggests  the  existence  of  some  kind  of  phase  change; 
another  is  a pronounced  peak  at  215°C  which  can  be  considered  a Curie  point.  While 
there  is  little  temperature  hysteresis  around  the  Curie  temperature,  relatively 
large  hysteresis  is  observed  around  the  lower  transition  point.  No  anomaly  was 
found  between  room  temperature  and  -180°C„ 

From  the  crystal  structure  at  room  temperature,  we  can  expect  anti- 


11.  E.  Sawaguchi,  H.  Maniwa  and  S.  Hoshino,  Phys.  Rev,  82*  1078  (1951), 
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ferroelectric  properties  of  PbZrO^  type  in  the  phase  below  163°C,  and  there  is 

no  doubt  about  the  paraelectricity  above  215°C,  To  study  the  dielectric  response 

of  the  intermediate  phase  we  examined  the  polarization  vs,  electric  field  relation 

under  an  a„c„  amplitude  of  30  kv/cm  and  60  cycles/sec,  using  a Sawyer  and  Tower 
12 

circuit  „ The  P-E  relation  is  almost  linear  in  all  three  phases  except  for  a 
slight  upward  curvature  just  below  the  Curie  point,,  A double  hysteresis  loop  of 
butterfly  shape,  which  was  observed  in  pure  PbZrO^  just  below  the  Curie  point 
(see  Figure  8 of  references  4) j was  not  observed  in  this  specimen  up  to  the  field 
strength  of  40KV/cm. 

The  effect  of  a d,c,  biasing  field  of  10  kv/cm  on  the  dielectric  constant 
of  PbHfO^  was  studied  with  the  results  shown  in  Figure  2,  The  measurements  were 
carried  out  in  a bath  of  silicone  fluid,  to  improve  the  insulation  as  well  as  the 
temperature  uniformity.  In  contrast  with  ferroelectric  BaTiO^,  in  which  the 
dielectric  constant  decreases  with  increasing  biasing  field  above  and  below  the 
Curie  temperature^,  the  slight  increase  of  the  dielectric  constant  was  observed 
just  below  the  Curie  point  at  2I5°C,  and  at  the  same  time  the  transition  temperature 
is  decreased  by  2,0°C  by  this  field.  No  remarkable  effect  was  found  around  the 
lower  transition  point,.  These  results  should  be  compared  with  the  similar  results 
observed  in  FbZr0j^o 

From  this  we  can  conclude,  taking  into  account  the  crystal  structure  at 
room  temperature,  that  the  phase  below  163°C  is  antiferroelectric,  as  observed  in 
PbZrOj  (phase  AI),  and  that  the  intermediate  phase  is  another  antiferroelectric 
phase  (All)  which  must  differ  from  phase  AI  in  some  way. 


12,  C,  Sawyer  and  C„  Tower,  Phys,  Rev,  269  (1930), 


» » 


13,  S,  Roberts,  Phys,  Rev,  71,  890  (1947)?  also  Cross,  Dennison,  Nicolson,  and 
Widdrngton,  Nature  163,  635  (1949), 
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Above  the  Curie  point  the  temperature  dependence  of  the  dielectric 
constant  obeys  approximately  the  Curie -Weiss  law  £ = C/(T-T9)»  with  C = 0„95  x 10^ 
and  Tq  = 50°Co  This  value  of  the  Curie  constant  is  of  the  same  order  of  magnitude 
as  those  of  BaTiO^  and  FbZrO^. 

IV.  STRUCTURAL  CHANGES  AROUND  THE  PHASE  TRANSITIONS . 

As  shown  in  Figure  1,  the  dielectric  constant  vs.  temperature  curve 
shows  two  anomalies  at  163°  and  215°C,  indicating  two  phase  changes.  To  study 
the  structural  changes  at  these  two  phase  transitions,  a series  of  powder  photo- 
graphs at  various  temperatures  were  taken,  using  a Unicam  19  cm.  diam,  high 
temperature  X-ray  camera,  A powdered  ceramic  was  sealed  in  a hard  glass  capillary 
of  0.4  mm  in  diameter  and  0.01  mm,  in  wall  thickness.  Below  163°C  the  diffrac- 
tion patterns  are  essentially  the  same  as  at  room  temperature,  except  that  the 
c/a  ratio  tends  toward  unity,  at  the  same  time  the  intensity  of  extra  lines 
decreases  gradually  as  163°C  is  approached  from  Delow.  Above  2*5°C  the  photo- 
graphs show  a cubic  perovskite  lattice  without  any  superstructure  lines. 

The  diffraction  pattern  at  <00°C,  which  is  in  the  intermediate  phase, 
is  very  close  to  a cubic  pattern,  and  we  can  observe  multiplets  only  in  a few 
high-angle  lines  such  as  (4^0),  (422)  and  (431)  - ( 5 30 ) groups.  In  such  a case 
it  is  difficult  to  determine  tne  structure  from  powder  photographs  only.  We 
tried  to  explain  these  multiplets  by  assuming  simple  cases  such  as  tetragonal 
c/a  £ 1,  orthorhombic  and  rhombohedral  lattices.  It  appeared  that  the  multiplets 
could  be  explained  If  we  assumed  a tetragonal  lattice  with  c/a<  1.  The  lattice 
parameters  and  c/a  calculated  from  (510),  (431)  and  (422)  lines  are  a = 4134 
( -0 . 001 ) A and  c/a  = 0.997  (10.001). 

The  dielectric  test  showed  that  the  dielectric  properties  of  this 
middle  phase  may  be  antif erroeleo.tric.  Careful  examination  of  powder  photographs 
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revealed  a few  rather  weak  superstructure  lines*  which  are  different  from  those 
found  at  room  temperature  both  in  spacing  and  in  relative  intensity,,  This 
indicates  that  some  kind  of  rearrangement  of  antiparallel  displacement  of  ions 
does  occur  at  the  transition  point  of  163°C,  though  the  both  phases  above  and 
below  this  transition  point  have  the  tetragonal  lattice  with  c/a<l,  The  detailed 
crystal  structure  of  the  intermediate  phase  must  await  a single  crystal  study. 

The  temperature  change  of  lattice  parameter  calculated  from  the  (510) 
(431)  line  group  is  shown  in  Fig,  3„  Around  the  phase  transition  at  163°C,  the 
c-axis  increases  considerably  while  the  a-axis  shows  a small  decrease*  resulting 
in  the  volume  change  of  about  0,15A3,  At  215°C,  the  structure  changes  to  a 
cubic  lattice  accompanied  by  the  volume  increases  of  about  0,16A3,  To  show  these 
volume  changes  from  another  viewpoint  and  to  compare  them  with  the  results  for 
PbZrO^y  the  linear  region  in  the  cubic  phase  was  extrapolated  to  lower  temperature 
and  compared  with  the  actual  volume.  The  anomalous  volume  contractions  in  the 
two  antiferroelectric  phases  are 

-0,1 1&3  ( Av/v  = -23  x 10”4)  at  200 °C  , 

~0,27A3  ( Av/v  = -39  x i0'“4)  at  130°C  . 

The  estimated  volume  expansion  coefficients  are 
20xl0“6/°C  below  158°C  , 

27xl0~6/°C  above  215°C, 

Recent  studies  of  FbZrO..  and  of  solid  solutions  derived  from  PbZrO^  by 
replacing  Pb  or  Zr  ions  by  other  suitable  ions  show  peculiar  phase  diagrams.  In 
the  case  of  Fb(Zr-Ti)0^4  and  (Pb  Ba)Z.r  O^'’?  the  rhombohedrai  ferroelectric 

14°  G»  Shirane  and  A,  Takeda,  J„  Phys,  Soc,  Japan  7,  6 (1952);  also  G„  Shirane 
and  K„  Suzuki,  J,  Phys,  Soc,  Japan  7,  333  (1952), 

15,  G,  Shirane,  Phys,  Rev,  86,  219  (1952),  also  G,  Shirane  and  S,  Hoshino,  Phys, 
Rev,  86,  248  (1952)  and  Acta  Cryst,  (to  be  published). 
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intermediate  phase  was  observed;  and,  on  the  other  hand,  in  the  case  of  (Pb-Sr)ZrO^^^ 
the  tetragonal  antiferroelectric  intermediate  phase  was  found „ A comparison  of 

r 

superstructure  lines  observed  in  the  intermediate  phase  of  (Pb95-Sr5)ZrO^  between 
175°  and  200°C  and  those  found  in  the  intermediate  phase  in  PbHfO^  between  163° 
and  215°C  showed  that  the  superstructure  lines  seem  to  have  essentially  similar 
spacing  and  relative  intensity,  suggesting  that  they  are  probably  the  same  phase, 
although  these  lines  are  too  weak  to  permit  definite  conclusion,.  Moreover,  the 
dielectric  properties  as  shown  in  Figs.  1 and  2,  and  also  the  temperature  depend- 
ence of  lattice  parameter  of  PbHfO^,  resemble  very  closely  the  corresponding 
results  observed  in  (Pb95-Sr5)ZrO^. 

The  authors  wish  to  express  their  gratitude  to  Dr.  Franco  Jona  for 
helpful  discussions  and  Mr.  John  McLaughlin  for  aid  in  specimen  preparation  and 
dielectric  measurements.  Thanks  are  also  due  to  Prof.  R.  Hayes  for  the  spectro- 
graphic  examination  of  the  HfO^. 
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Table  I.  Lattice  constant  of  alkaline  earth  zirconates  and  hafnates. 


SrZr03  4-101A 

BaZrO^  4.189A 


SrHf03  4.069A 

BaHf03  4.173A 


Table  II.  Lattice  parameters  of  lead  compounds  at  room  temperature, 
1.5405A  was  used  as  the  CuKa^  wave  length. 


Crystal 

a-axis  (A) 

c/a 

unit  cell  volume 

PbTi03 

3.905 

1.063 

63.30 

PbZr03 

4.159 

0.988 

71.06 

FbHf03 

4.136 

0.991 

70.06 

Figure  1 


Dielectric  constant  vs.  temperature  curve 
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Phase  Transitions  in  the  NaNbQ?-KNbCK  System* 

G.  Shirane*,  R.  E.  Nevnham  and  R.  Pepinsky 
Department  of  Physics 
The  Pennsylvania  State  College. 

Phase  transitions  in  KNbO-3  and  NaNbO^  have  been  examined  by  dielec- 
ariri  X-ray  measurements^.  The  transitions  in  KNbO^  are  rather  similar  to 
those  in  BaTiO^,  the  crystal  being  ferroelectric  below  435°C.  Though  NaNbO^ 
was  also  reported  as  ferroelectric1,  Vousden3  reported  a non-polar  space- 
group  for  this  crystal.  Dielectric,  optical.  X-ray  and  specific  heat  measure- 
ments have  been  carried  out,  in  an  exploration  of  the  phase  diagram  of  the 
NaiTbOj-KNbOj  system,  using  both  single  crystal  and  ceramic  specimens.  No 
evidenoe  for  ferroelootricity  is  obtained  for  pure  NaNbC>3  ty  dielectric  and 
pyroelectric  tests,  but  a ferroelectric  phase  appears  upon  addition  of  a small 
amount  of  KNbC^.  Dielectric  properties  and  their  relations  to  crystal  structure 
sore  reported  for  the  complete  NaNbO-j— KNbO^  system. 


* Development  supported  by  the  Air  Research  and  Development  Command  and  Office 

of  Naval  Research. 

* On  leave  from  Tokyo  Institute  of  Technology,  Tokyo,  Japan. 

1.  B.  Matthias  and  J.  Remeika,  Phys.  Rev.  fig,  727  (1951). 

2.  E.  A.  Wood,  Acta  Cryat.  £,  353  (1951). 

3.  P.  Vousden,  Acta  Cryst.  4,  545  (1951). 


5 


o 


Submitted  as  a Letter  to  the  Editor  of  the  Physical  Review 


s * 


* 


Transitions  in  Ferroelectric  KNbCU 

Go  Shirane,  Ho  Danner,  A.  Pavlovic 
and  Ro  Pepinsky, 

X-Ray  and  Crystal  Analysis  Laboratory, 

The  Pennsylvania  State  College, 

State  College,  Pao 

Dielectric  measurements  of  KNbO^  by  Matthias  and  Remeika^  revealed 
a ferroelectric  Curie  point  at  435°C  and  a further  transition  at  225°C.  An 
X-ray  and  optical  study  by  Wood^^  revealed  a cubic  perovskite  structure 
above  the  Curie  point  at  435°C,  which  transforms  on  cooling  first  to  a 
tetragonal  structure  and  then  to  an  orthorhombic  structure  at  the  above  two 
transition  pointso  These  transitions  are  related  to  the  phase  transitions 
in  BaTiO^  at  120°C  and  0°C^'o  A further  transition  occurs  in  BaTiO^  at 
-80°C,  in  which  the  structure  changes  from  orthorhombic  to  rhombohedralo 
The  above  investigators  found  no  significant  change  in  the  dielectric 
constant  of  KNbO^  between  room  temperature  and  -190°C^,  and  no  optical 
change  was  observed  between  25°  and  -50°C^« 

A preliminary  dielectric  study ( ^ ) carried  out  in  our  laboratory  on 
KNbO^  single  crystals,  prepared  without  flux,  did  show  a sharp  peak  in  the 
dielectric  constant  at  -50°C  on  cooling  and  -35°C  on  heating,  indicating 
the  existence  of  a phase  transition  at  this  pointo  A further  study  has 
now  been  carried  out  on  the  dielectric,  structural  and  thermal  properties 
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of  this  lowest  phase.. 

KNbO^  single  crystals  were  prepared  as  described  by  Wood (2),  using 
KCO^  as  a flux  and  cooling  down  from  1000°C.  The  crystals  were  generally 
rectangular,  transparent,  light-yellow  plateso  Optical  observation  showed 
them  to  be  multi-domain  crystals..  Dielectric  tests  were  made  on  crystals 
2-3  mm  on  edge  and  about  0.3  mm  in  thickness® 

Figure  1 shows  the  dielectric  constant  vs.  temperature  curve 
measured  at  10  kc/sec  and  a field  strength  of  about  5v/cm.  The  heating  and 
cooling  rate  was  about  l°C/min<>  In  agreement  with  previous  data,  this  curve 
shows  a very  sharp  change  in  dielectric  constant  at  220°  and  420°C  on  heating. 
In  addition  to  these,  there  is  an  abrupt  change  in  the  dielectric  constant 
at  -10°C  on  heating.  On  cooling,  these  three  transitions  occur  at  410°, 

200°  and  -55°C»  A very  large  temperature  hysteresis  of  about  45°C  at  the 
lowest  phase  change  appears  in  the  several  crystals  examined. 

Powder  photographs  of  KNbO^  were  taken  with  CuKa  radiation  in  a 
Norelco  powder  camera  of  11.4  cm  diameter.  Orthorhombic  cell  dimensions 
a = 5.72lX,  b = 3»973A,  c = 5«695^  were  obtained  at  room  temperature,  in 
good  agreement  with  the  previous  data^)(5)0  The  lowest -temperature  phase 
was  examined  in  our  low  temperature  camera,  10  cm  diam.,  using  CuKa 
radiation.  Diffraction  patterns  at  -140°C  showed  pseudo-cubic  lines  of 
perovskite  type,  but  small  although  definite  line  splittings  were  observed 
in  a few  high  angle  lines  such  as  (422),  (332)  and  (420).  The  line  splittings 
could  be  explained  by  assuming  a rhombohedral  lattice  and  considering  both 
line  spacings  and  intensities.  Special  attention  was  paid  to  the  (400) 
reflections,  which  show  no  multiplet  except  that  due  to  the  doublet! 
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and  this  excluded  the  possibilities  of  tetragonal  or  orthorhombic  latticeso 
The  lattice  parameters  calculated  from  (422)  and  (332)  line  groups  are 
a = 4.016  ± 0.002  8 and  a - 89°  50*  ±1'. 

Since  a < 90°,  this  rhombohedral  lattice  is  derived  from  an  ideal  cubic 
lattice  by  an  elongation  along  [ill] . This  corresponds  to  the  same  lattice  as 
that  of  the  lowest  phase  in  BaTiO^.  Polarizing  microscope  observations  also 
showed  the  three  phase  transitions,  at  temperatures  of  the  dielectric  anomalies  1 
and  extinction  positions  are  in  accordance  with  the  X-ray-determined  symmetry  of 
each  phase.  If  we  reduce  the  three  transition  temperatures  by  dividing  by  the 
Curie  temperature,  they  are  1,  0.69,  0.49  and  1,  0.71,  0.38  for  BaTiO^  and 
KNbO^  respectively.  KNbO^  is  the  only  one  perovskite-type  ferroelectric  which 
has  been  found  to  show  three  transitions  similar  to  those  of  BaTiO^. 

To  further  compare  the  transitions  in  these  two  crystals,  a study  was 
made  of  the  specific  heat  anomaly  at  the  three  transitions  in  KNbO^.  Ceramic 
KNbO^  was  prepared  by  firing  a mixture  of  K2CO3  and  1^05  at  1050°C.  An  adiabatic 
calorimeter  of  the  Nemst  type (6) , holding  about  50  grams  of  KNbO^  powder,  was 
used  for  the  lower  temperature  measurements.  Another  adiabatic  calorimeter  of 
Nagasaki-Takagi^)  type,  containing  about  15  grams  of  KNbO^  powder,  was  used 
at  high  temperatures.  The  measurements  were  carried  out  by  heating  the  specimens 
continuously  at  a rate  of  0.5  to  l°C/min.  Sharp  peaks  in  the  specific  heats 
appeared  at  the  three  transition  temperatures. 

The  values  of  the  transition  energies  integrated  from  the  curves  are 
shown  in  Table  I,  together  with  data  on  BaTiOj.  The  larger  transition 
energies  in  KNbO^  could  be  explained  in  terms  of  the  larger  lattice  distortions 
in  KNbO^  as  compared  with  the  corresponding  transitions  in  BaTiO^.  It  may 
be  interesting  to  point  out  that  the  relative  ratio  of  the  three  entropy 
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changes  are  nearly  the  same  in  these  two  crystals;  and,  moreover,  the  entropy 

changes  at  the  Curie  points  of  these  two  crystals  are  approximately  proportional 

to  their  (-—1)  values  in  the  tetragonal  phase, 
a 

To  permit  a more  detailed  comparison  of  these  two  crystals,  and 
especially  to  apply  the  Devonshire's  theory^1 2 3 4 5 6 7 8)  of  BaTiO^  to  KNbO^,  we  must 
know  the  values  of  the  Curie  constant  and  the  spontaneous  polarization  at  the 
Curie  point.  Unfortunately,  reliable  values  of  these  quantities  in  KNbO^ 
are  difficult  to  obtain,  because  of  the  relatively  high  conductivity  near  the 
Curie  point  at  430°C. 

The  authors  express  their  gratitude  to  Mr.  R.  E.  Newnham  for  prepa- 
ration of  the  single  crystals. 
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Table  I.  Transition  Energy  AE  (cal/mole)  and 

Entropy  Change  AS  (cal/mole  degree)  at  the  Three 

Transitions  in  BaTiO,  and  KNbO, 

3 j 


71 


Cubic  Tetragonal  Orthorhombic  Rhombohedral 


BaTi03 


KNbO^ 


AE 

47  — 50a>b»c 

16  — 26s’b’c’d 

8 ^14b*c*d 

AS 

0.12  ~ 0.13 

0.06  — 0.09 

o • q/±  o • on 

AE 

190  t 15 

85  ± 10 

32  t 5 

AS 

0.28 

0.17 

0.12 

a.  H.  Blattner,  W„  Kaenzig  and  W.  Merz,  Helv.  Phys.  Acta,  22,  35  (1949). 

b.  G.  Shirane  and  A.  Takeda,  J.  Phys.  Soc.  Japan  2*  1 (1952). 

c.  J.  Volger,  Philips  Res.  Rep.  7,  21  (1952). 

d.  S.  S.  Todd  and  R.  E.  Lorenscn,  J.  Am.  Chem.  Soc.  74,  2043  (1952). 
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Figure  1 

Dielectric  Constant  of  KNbO 
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Survey  of  Ferroelectric  Crystals 


Introduction 


About  thirty  years  ago  J.  Valasek  presented  a series  of  papers 
in  which  the  dielectric  pecularities  of  Rochelle  salt  received  their  first 
detailed  examination  (Valasek,  1920,  1921,  1922  (a)  and  (b),  1924).  He 
pointed  out  the  rather  striking  similarity  between  the  dielectric  behavior 
of  this  crystal  and  the  magnetic  behavior  of  ferromagnetic  materials.  A 
number  of  additional  crystals  have  since  been  found  to  exhibit  more  or 
less  the  same  anomalous  dielectric  behavior.  Such  crystals  have  come  to 
be  known  as  ferroelectrics.  They  are  proving  useful  in  such  applications 
as  ultrasonic  wave  generation,  piezoelectric  resonators,  computer  elements, 
and  many  others.  This  aspect  of  the  field  is  not  considered  here,  however. 
The  purpose  of  this  paper  is  to  discuss  briefly  some  of  the  general 
properties  of  ferroelectrics,  with  emphasis  placed  on  those  features  which 


appear  to  be  important  to  the  explanation  of  their  behavior. 
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The  Ferromagnetic  Analogy 

The  following  axe  some  of  the  more  important  properties  of  ferro- 
electrics  that  have  direct  analogues  in  ferromagnetism: 

(1)  Spontaneous  polarization,  reversible  by  an  external  field, 
appears  at  a transition  from  a non-ferroelectric  (or  paraelectric)  to  a 
ferroelectric  phase,  and  persists  over  the  ferroelectric  temperature  range. 

As  in  ferromagnetism,  the  transition  temperature  is  called  the  Curie  point. 

(2)  The  dielectric  constant  rises  rather  sharply  to  an  abnormally 
high  value  at  the  Curie  point,  and  has  in  most  cases  unusually  high  values 
in  the  ferroelectric  phase.  The  temperature  dependence  of  the  dielectric 
constant  is  describable  by  a Curie-Weiss  law  as  the  Curie  point  is  approached 
in  the  paraelectric  phase.  The  dielectric  constant  shows  marked  field 
dependence  in  the  ferroelectric  phase. 

(3)  Hysteresis  loops  result  from  measurements  of  polarization  as 
a function  of  field  strength. 

(4)  A ferroelectric  crystal  is  generally  made  up  of  many  small 
spontaneously  polarized  domains. 


Due  to  inherent  physical  differences  in  electric  and  magnetic 
polarizations,  it  is  to  be  expected  that  the  analogy  between  ferroelectricity 
and  ferromagnetism  will  have  its  limitations.  There  are  certain  properties 
of  ferroelectrics  that  have  no  counterpart  in  ferromagnetism  (and  vice  versa). 
There  are  others  which  appear  to  further  strengthen  the  analogy,  but  prove 
otherwise  on  closer  inspection.  Consideration  of  these  points  is  not  of 
particular  importance  here.  The  analogy  has  been  useful  in  the  development 
of  phenomenological  theories,  but  a fundamental  understanding  must  come 
from  the  special  character  of  ferroelectricity  itself. 
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Knoun  Ferroelectrics 

While  the  discovery  of  new  ferroelectrics  has  proceeded  rapidly 
in  recent  years,  the  number  of  essentially  different  ones  is  still  rather 
small.  Seven  crystal  structure  types  (in  paraelectric  phases)  are  known 
to  include  ferroelectric  members,  but  sufficient  similarity  exists  between 
certain  of  these  that  ferroelectricity  can  be  discussed  in  terms  of  only 
three  groups:  the  ferroelectric  tartrates,  the  KI^PO^  type  ferroelectrics, 

and  what  will  be  called  here  the  oxygen  octahedra  types. 

The  ferroelectric  tartrates  include  Rochelle  salt,  certain  mixed 
•Tvcti'a.i  isomorphous  with  Rochelle  salt,  LiNH^C^H^O^/HpO,  and  LiT  lC^H 4O5 • H2O . 
he  mixed  tartrates  were  the  first  crystals  after  Rochelle  salt  to  be  fou.xl 
ferroelectric  (Kurchatov  and  Eremeev,  1932).  The  two  Li  salts  were  found 
much  more  recently  (Matthias  and  Hulm,  1951;  Mers,  1951).  All  of  these 
crystals  belong  to  the  same  crystallographic  space  group  (P2-j_2pt),  but  the 
common  orthorhombic  symmetry  probably  has  little  significance  insofar  as 
relating  the  Li  salts  to  Rochelle  salt  and  its  isomorphs.  The  latter  are 
tetrahydrates  while  the  Li  salts  are  monohydrates.  X-ray  analyses  of  the 
structures  of  Rochelle  salt  (Beevers  and  Hughes,  1941)  and  Li NH 4G 5 • H 2O 
(Vernon  and  Pepinsky,  1952)  show  two  definitely  different  structures. 

The  fQ^PO^-type  ferroelectrics  are  the  tetragonal  dihydrogen 
phosphates  and  arsenates  of  K,  Rb,  and  Gs.  As  will  be  discussed  later,  the 
salts  can  also  be  properly  considered  with  this  group  even  though  their 
transitions  are  not  ferroelectric.  Work  on  the  series  began  with 

discovery  of  ferroelectric  transitions  in  KH2PO4  and  H^sO^  and  the  seem- 
ingly related  phase  changes  in  the  corresponding  ammonium  salts  (Busch  and 
Scherrer,  1935;  Busch,  1938).  Subsequent  studies  have  disclosed  essentially 


£ 

the  same  ferroelectric  activity  in  the  isomorphous  Rb  and  Cs  salts  (Rt^PO^ 
and  RbH^sO^,  Baertschi  et  al.,  1945 J CsHgPO^.,  Seidl,  1950;  CsH^AsO^,  Frazer 
and  Pepinsky,  unpublished  , 1952.) 


The  oxygen  octahedron  types  perhaps  include  four  different  crystal 


structures: 


Pseudo-perovskites:  BaTiOj,  KNbC^,  and  sever,  others; 


Ilmenites:  LiTaO^  and  LiNbO^  ) 

WO-j  (distorted  ReO^  structure)  ) 
Cd2Nb20y  (pyrochlorite  structure). 


perhaps ; 


Barium  titanate  was  the  first  of  the  oxygen  octahedra  ferroelectrics 
to  be  discovered.  It  seems  to  have  been  found  at  about  the  same  time  in 
several  different  laboratories  (cf.  von  Hippel,  1950).  On  the  basis  of  certain 
assumptions  regarding  the  oxygen  octahedra  and  the  central  cations  (Ti  in  the 
case  of  BaTiO^),  Matthias  and  his  associates  reported  that  certain  other 
pseudo-perovskites  were  also  ferroelectric:  KNbO^,  KTaO^,  NaNbO^,  and  NaTaO-j 

(Matthias,  Holden,  and  '.Jood,  1949}  Hulm,  Matthias,  and  Long,  1950).  Turning 
to  other  structures  that  still  satisfied  his  criteria,  Matthias  reported 
ferroelectricity  in  LiNbO^  and  LiTaO^  (Matthias  and  Remeika,  1949)  and  in 
WO ^ (Matthias,  1949).  As  listed  above,  the  Li  compounds  belong  to  the  ilmenite 
system  and  WO^  has  a distorted  ReO^  structure.  Additional  pseudo-perovskite 
ferroelectrics  have  been  found  by  other  workers.  Probably  the  most  significant 
of  these  is  PbZrO^  (Shirane,  Sawaguchi,  and  Takagi,  1951).  Pure  PbZrO-j  is 
anti-ferroelectric,  but  has  ferroelectric  properties  under  sufficiently  high 
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CsH^PO^  and  Rfci^PO^  also  have  non-ferroelectric  monoclinic  modifications. 
The  tetragonal  modification  of  CsH2P0^  is  not  easily  obtained. 
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field  strength.  The  addition  of  small  amounts  %)  of  PWiO-j  produce  a 
definite  ferroelectric  phase.  Shirane  and  Pepinsky  (unpublished,  1952)  have 
found  that  pure  NaNbO^  is  anti-ferroelectric,  not  ferroelectric,  but  small 
amounts  of  replacement  of  Na  ions  by  K ions  result  in  a ferroelectric  phase. 

The  ferroelectric  behavior  of  the  ilmenite  structures  has  not  been  confirmed. 

W03  is  apparently  antif erroelectric , but  high  conductivity  renders  classifi- 
cation of  its  dielectric  behavior  difficult. 

The  most  recently  discovered  ferroelectric  is  ^2^2 Oy  (Cook  and 
Jaffe,  1952).  On  the  basis  of  Debye-Scherrer  photographs  these  authors  assign 
the  structure  to  the  fluorite  system,  but  in  a previous  X-ray  study  it  is 
described  as  having  the  form  of  pyrochlorite  (Bystrom,  1944).  Nb+^  normally 
has  6-fold  coordination  with  oxygen,  which  is  realized  in  the  pyrochlorite 
structure.  The  small  cation  coordination  in  the  normal  fluorite  structure 
is  8,  but  there  are  related  structures  in  which  an  unusual  6 coordination 
occurs  (cf.  the  C-M2O3  structure  in  Wells,  Structural  Inorganic  Chemistry. 
Oxford:  Clarendon  Press,  1950,  p.  365).  This  crystal  is  tentatively  classified 

as  an  octahedron  type  in  this  paper.  The  question  of  its  true  structure  should 
be  cleared  up.  In  any  case,  the  discovery  of  Cd2Nb20y  as  a new  ferroelectric 
opens  up  many  interesting  possibilities. 


The  Ferroelectric  Tartrates 


Until  1932  Rochelle  salt  was  the  only  substance  known  to  exhibit 
the  dielectric  analogue  to  ferromagnetism.  This  crystal  continues  to  hold  a 
unique  position  even  now  in  that  it  is  the  only  ferroelectric  known  to  possess 
two  Curie  points.  The  crystal  is  ferroelectric  between  the  temperatures  -18°C 
and  +24°C.  The  dielectric  constant  as  measured  along  the  ferroelectric  a-axis 
at  low  field  strengths  has  a minimum  value  of  about  200  in  the  ferroelectric 
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region,  and  rises  to  almost  2000  at  the  Curie  points.  This  is  shown  by  the 
solid  curve  in  Figure  1 (Mason,  1950).  The  b and  c axes  show  normal  dielectric 
behavior.  The  strong  field  dependence  of  £ is  evident  from  the  dotted 

9. 

curve.  A set  of  F-E  hysteresis  loops,  observed  at  several  temperatures  for 
Rochelle  salt,  are  shown  in  Figure  2 (Sawyer  and  Tower,  1930).  The  instan- 
taneous slope  at  a point  on  the  hysteresis  loop  gives  the  differential  di- 
electric constant.  Observations  of  almost  200,000  have  been  recorded  for  this 


quantity. 

The  ferroelectric  activity  of  Rochelle  salt  can  be  altered  in  three 
ways  that  should  prove  to  be  of  considerable  importance:  deuterium  substitu- 

tion for  hydrogen,  hydrostatic  pressure,  and  partial  substitution  of  isomorphous 
tartrates.  The  substitution  of  deuterium  to  give  Na KC ^ 2O 6 ’ ^ 2©  spreads 
the  ferroelectric  region,  lowers  the  dielectric  constant,  and  increases  the 
spontaneous  polarization.  Changes  in  the  Curie  points  and  spontaneous 
polarization  can  be  seen  in  Figure  3 (Hablutzel,  1939).  The  minimum  in  the 
dielectric  constant  curve  of  Figure  1 falls  from  about  200  to  about  70. 
Hydrostatic  pressure  causes  both  Curie  points  to  be  shifted  to  higher  temper- 
atures. The  increase  in  the  upper  Curie  point  is  the  more  rapid  one,  so  that 


the  ferroelectric  region  is  spread.  This  behavior  i3  shown  in  Figure  4 
(Bancroft,  1938).  The  partial  substitution  of  certain  isomorphous  tartrates 

jag 

produces  drastic  effects  on  the  ferroelectric  activity.  Very  small  molar 

* The  H*s  covalently  bound  to  C's  do  not  seem  to  exchange  on  recrystallization 
in  D2O. 
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The  principal  work  on  the  mixed  tartrates  was  done  by  Kurchatov,  Eremeev 
Bloomenthal,  and  Evans.  For  references  and  a more  complete  summary  of 
their  work  see  Cady,  Piezoelectricity.  Hew  York:  McGraw-Hill  Company 

Inc.,  1946,  pp. 654-8. 
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percentages  of  any  of  the  isomorphs,  NaRbC^H^O^ • 4H2O , or 

NaTlC^H^O^.iyigO,  cause  sharp  reductions  in  the  dielectric  constant  and  the 
width  of  the  ferroelectric  temperature  range.  The  following  measurements 
of  Kurchatov  at  0°C  show  how  rapidly  the  dielectric  constant  decreases  in 
T1  case: 


Mole  % T1  salt 

0 

0.25 

0.50 

r— 1 

2.5 

Dielectric  constant 

10,000 

2,300 

1,200 

600 

120 

Only  1%  of  the  salt  is  sufficient  to  reduce  the  ferroelectric  region 
to  about  a half  of  that  for  pure  Rochelle  salt.  The  ferroelectric  properties 
disappear  entirely  on  substitution  of  about  3%  of  NH^  for  K. 

Since  pure  crystals  of  the  above  salts  are  not  ferroelectric,  at 
least  down  to  -190°C,  one  would  expect  normal  dielectric  behavior  to  result 
from  increased  percentage  substitution  with  Rochelle  salt.  Instead,  the 
remarkable  result  is  obtained  that  ferroelectricity  reappears  at  lower 
temperatures.  This  is  shown  for  the  ammonium  case  in  Figure  5.  There  is 
some  evidence  that  these  mixtures  are  really  to  be  considered  as  a separate 
case  from  pure  Rochelle  salt.  This  evidence  may  be  summarized  as  follows: 

1)  The  amount  by  which  the  upper  Curie  points  are  shifted  to  low 
temperatures  and  the  discontinuity  in  the  shift  above  about  80  mole  percent 
Rochelle  salt. 

2)  The  lack  of  evidence  for  a lower  Curie  point.  Down  to  -190°C 
the  saturation  polarization  was  still  increasing. 

3)  The  saturation  field  strengths  are  much  greater  than  in  Rochelle 
salt.  A crystal  containing  45  mole  percent  Rochelle  salt  in  the  ammonium 
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mixed  series  haa  a saturation  field  of  about  10,000  volts/cm  as  compared  to 
loss  than  200  for  pure  Rochelle  salt. 

4)  The  saturation  polarization  measured  was  several  times  greater 
than  in  Rochelle  salt.  The  crystal  in  (3)  gave  about  3000  esu  as  compared 
to  a maximum  of  about  740  in  Rochelle  salt. 

As  Figure  5 suggests,  it  may  be  that  the  pure  NH^,  Tl,  and  Rb  salts 
are  ferroelectric  at  very  low  temperatures.  An  investigation  with  this  in 
mind  was  started  recently  by  F.  Jona  and  R.  Pepinsky  at  the  Pennsylvania 
State  College. 

Dielectric  constant  vs.  temperature  curves  for  the  most  recently 
discovered  ferroelectric  tartrates,  LiNH^C^H^O^I^O  and  LiTlC^H^O^I^O, 
are  shown  in  Figure  6 (Matthias  and  Hulm,  1951).  A somewhat  surprising 
result  with  these  crystals  is  that  the  NH^  salt  is  ferroelectric  in  the  b 
direction  while  the  Tl  salt  is  ferroelectric  along  a.  In  both  cases  the 
spontaneous  polarization  is  nearly  the  same  as  the  maximum  value  in  Rochelle 
salt,  a factor  which  distinguishes  them  from  the  other  low  temperature 
ferroelectric  tartrates.  There  are  other  points  of  interest.  One  is  that 
the  low  dielectric  constant  of  LiNH^C^K^O^ • H £0  clearly  contradicts  the  ideas 
held  for  some  time  that  high  dielectric  constants  are  always  to  be  found  in 
ferroelectric  crystals.  Another  is  the  absence  of  a peak  in  the  dielectric 
constant  at  the  Curie  point  in  the  case  of  LiTlC/H^O^HjjO.  Matthias  and 
Hulm  conclude  on  the  basis  of  this  and  a similar  result  with  KTaO^  (Hulm, 
Matthias,  and  Long,  1950)  that  dielectric  constant  peaks  do  not  occur  near 
the  absolute  zero.  The  independent  study  of  LiNH^C^H^0^*H20  by  Merz  (1951) 
agrees  with  the  work  of  Matthias  and  Hulm.  Merz  also  found  that  the 
dielectric  constants  along  the  two  non-ferroelectric  axes  remain  essentially 
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constant  in  the  transition.  Merz  also  reported  ferroelectric  activity  in 
LiRbC^H^S'I^O,  but  this  subsequently  proved  to  be  in  error.  The  very  low 
temperature  behavior  of  both  LiTlC^H^O^I^O  and  KTaO^  remains  to  be  confirmed. 

KH2PO4  Type  Ferroelectrics 

The  ferroelectric  dihydrogen  phosphates  and  arsenates  all  have 
Curie  points  well  below  room  temperature.  The  case  of  KH2PO4  is  shown 
in  Figures  7 and  8.  This  crystal  polarizes  spontaneously  parallel  to  the 
tetragonal  c-axis  at  122°K.  Extended  measurements  to  very  low  temperatures 
show  no  evidence  for  a lower  Curie  point.*  More  significant  differences 
with  Rochelle  salt  can  be  seen  in  Figures  7 and  8.  The  most  striking  is 
the  large  shift  in  the  Curie  point  (about  90°)  effected  by  replacing  H by 
D (Bantle,  1942).  Also,  the  dielectric  constant  £ shows  a marked  change 
in  the  transition,  in  contrast  to  normal  dielectric  behavior  for  the  non- 
ferroelectric  directions  in  Rochelle  salt.  In  addition,  the  maximum 
polarization  is  about  14,000  e.s.u.  as  compared  to  740  e.s.u.  for  Rochelle 
salt.  Another  difference  appears  in  Figure  9,  where  it  is  seen  that 
KHjjPO^.  k3-3  a A -type  anomaly  in  the  specific  heat  (Bantle,  1942;  Stephenson 
and  Hooley,  1944).  Very  small  to  no  anomalies  have  been  reported  for 
Rochelle  salt  (Rusterholz,  1935;  Kobeko  and  Nelidon,  1932;  Wilson,  1938). 

Figures  10  and  11  show  that  the  Curie  points  of  the  ferroelectric 
dihydrogen  phosphates  and  arsenates  are  related  in  a more  or  less  predictable 
way  to  the  crystal  chemistry  of  the  series:  the  larger  the  alkali  cations 

relative  to  the  X0^  groups,  the  higher  the  Curie  points.  Since  complete 

A drop  in  £ and  disappearance  of  hysteresis  loops  at  about  60°K 
seemed  at  first  to  indicate  a lower  Curie  point.  Dielectric  behavior  be- 
low this  temperature  has  since  been  attributed  to  freezing-in  of  the 
domains  with  consequent  large  values  of  the  coercive  field. 


> 
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ry  tallographic  data  on  the  series  is  lacking,  it  was  necessary  to 
assume  in  Figure  11  that  the  (P,0)  and  (as,0)  uio'u.nces  for  (West, 

1930)  and  KH^AsO^  (Helmholz  and  Levine,  1942)  held  throughout.  Accurate 
values  of  these  distances  for  the  individual  crystals,  and  perhaps  more 
accurate  Curie  point  measurements,  might  smooth  out  the  kinks  in  the  curves. 
It  might  be  mentioned  also  that  the  dielectric  constants  seem  to  vary  in  a 
regular  way  in  the  series:  the  larger  the  alkali  cations  relative  to  the 

X0^  groups,  the  smaller  the  dielectric  constants. 

Ammonium  dihydrogen  phosphate  and  arsenate  are  interesting  ex- 
ceptions to  the  behavior  of  other  members  of  the  series.  They  crystallize 
with  the  same  tetragonal  symmetry  as  the  others;  their  dielectric  constants 
increase  as  they  are  cooled  from  room  temperature;  they  have  transitions 
at  low  temperature  with  specific  heat  anomalies  very  similar  to  those  of 
the  potassium  salts  (Stephenson  and  Hooley,  1944?  Stephenson  and  Zettlemoyer 
1944  (a)  and  (b);  Stephenson  and  Adams,  1944) J but  neither  salt  becomes 

ferroelectric.  Figure  12  shows  the  temperature  variation  of  f of 

a 

^4^2^4*  The  behavior  of  is  practically  the  same  except  that  its 

maximum  value  is  only  about  a fourth  of  that  for  £,  . Accurate  measure- 

a 

ments  below  the  transition  in  both  the  phosphate  and  arsenate  are  hampered 
by  shattering  of  the  crystals  in  the  transitions. 

Various  mixed  crystal  studies  have  been  made  so  as  to  throw  more 
light  on  the  nature  of  these  transitions.  The  first  of  these  was  with 
(IIH^,  Tl)H2P0^  (Matthias,  Merz,  and  Scherrer,  1947).  It  was  found  that 
up  to  about  25%  T1  the  transition  was  depressed  to  lower  temperatures. 

Higher  percentages  began  to  bring  the  transition  up  again  until  a limiting 
percentage  of  about  35%  T1  was  reached,  above  which  only  monoclinic  crystals 


are  obtained.  It  was  not  possible  to  obtain  a ferroelectric  phase.  An 


(nh4,  K)  II2PO4  study  showed  that  the  addition  of  K at  first  depressed  the 


transition  temperature  without  altering  the  nature  of  the  transition,  but 


that  higher  percentages  ushered  in  a ferroelectric  phase  with  Curie  points 


lower  than  pure  KI^PO^  (Nitta,  Kiriyama,  and  Haisa,  1951).  A subsequent 
study  on  (NH^,  RbJl^PO^  yielded  similar  results  (Keeling  and  Pepinsky,  1952). 

With  the  case  of  KI^PO^  in  mind,  Matthias  (1952)  studied  ND4D2PO4, 


and  found  that  here  too  the  transition  temperature  was  shifted  to  higher 


temperature  by  about  90°  (from  148°K  to  242°K).  A similar  result  was  recently 
obtained  with  ND4D2A.SO4  (Frazer,  to  be  published).  The  case  of  the  arsenate 


is  a particularly  interesting  one.  It  will  be  recalled  from  Figure  10  that 


substitution  of  As  for  P in  the  ferroelectric  phosphates  decreased  the 


transition  temperature  in  every  case,  the  decreases  being  25°,  35°,  and  16C 


for  K,  Rb,  and  Cs  respectively.  The  substitution  of  As  for  P in  NH^I^PO^ 
increases  the  transition  temperature,  and  by  about  70°.  Substitution  of  D 


for  H to  obtain  ND^D^sO^  results  in  shifting  the  transition  to  31°C.  Thus 


the  shattering  or  cracking  which  has  usually  interfered  with  investigations 


below  the  transitions  of  the  ammonium  salts  can  be  avoided,  since  ND^I^sO^ 


crystals  can  be  grown  at  room  temperature  directly  in  the  orthorhombic  phase. 


As  will  be  discussed  at  more  length  later,  it  is  now  thought  that 


the  ammonium  salts  are  anti-ferroelectric. 


of  Ferroelectrics 
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Barium  titanate  crystallizes  in  hexagonal  and  pseudo-cubic  modi- 
fications. Only  the  pseudo-cubic  form  is  ferroelectric.  This  crystal  goes 
through  a series  of  transitions,  as  can  be  seen  in  Figures  13  and  14  (Merz, 


1949  a and  b).  In  the  paraelectric  phase  above  120°C  the  symmetry  is  that 
of  an  ideal  cubic  perovskite  structure,  (see  Figure  16).  The  successive 
phases  at  lower  temperatures  are  all  ferroelectric,  but  the  polarization 
direction  changes  in  each  transition.  Between  120°C  and  -5°C  the  crystal 
is  tegragonal  and  polarized  parallel  to  one  of  the  original  cube  axes  (the 
tetragonal  c-axis);  between  -5°C  and  -90°C  it  is  orthorhombic  and  polarized 
along  one  of  the  cube  face  diagonals;  and  below  -90°G  the  structure  becomes 
trigonal  with  polarization  parallel  to  the  cube  body  diagonal.  The  relation 
of  each  of  these  forms  to  the  original  cube  can  be  visualized  by  imagining 
a stretching  of  the  cube  in  the  polar  directions  (cf.  Kay  and  Vousden,  1949) 

A Curie-Weiss  law  is  obeyed  in  the  paraelectric  phase.  A somewhat 
unexpected  result  below  the  Curie  point  is  that  the  dielectric  constant  in 
the  ferroelectric  c-axial  direction  is  quite  a bit  lower  than  that  parallel 
to  the  a-axis. 

A small  specific  heat  anomaly  has  been  observed  at  the  Curie  point 
for  BaTiO^  by  a number  of  investigators  (Wul,  1946;  Harwood,  Popper  and 
Rushman,  1947;  Blattner,  Kanzig,  and  Merz,  1949;  Shirane  and  Takeda,  1952; 
Volger,  1952;  Todd  and  Lorenson,  1952).  Results  of  one  of  these  studies 
(Blattner  et  al)  are  shown  in  Figure  15. 

As  shown  in  Figure  17,  hydrostatic  pressure  produces  a practi- 
cally linear  drop  in  the  Curie  point  of  BaTiO^  (Merz,  1950).  It  is  in- 
teresting here  that  in  the  mixed  crystal  series  (Ba,  SrjTiO^  a linear 
decrease  of  Curie  point  with  lattice  constant  has  been  found  (Rushman  and 
Strivens,  1946).  Pure  SrTiO^  itself  is  not  ferroelectric. 

On  the  basis  of  high  dielectric  constants  in  other  compounds  in- 
volving titanium  and  oxygen,  rutile  for  example,  Matthias  concluded  that 


titanium  and  its  surrounding  oxygen  octahedron  played  the  important  role  in 

BaTiO^.  The  fact  that  various  other  perovskite  titanates,  such  as  CaTiO^ 

and  SrTiO^,  did  not  become  ferroelectric  was  to  be  attributed  to  the 

necessity  of  a critical  size  of  the  octahedron.  He  then  turned  to  other 

compounds  involving  octahedra  with  central  ions  of  electronic  configuration 

similar  to  titanium.  As  mentioned  earlier,  his  first  discoveries  were  also 

in  pseudo-perovsxite  structures:  KNbO^,  NaNbOj,  KlaO^,  and  NaTaO^.  KNbO^ 

a_ 

was  found  to  ha veA  behavior  similar  to  BaTiO^  with  a cubic-tetragonal  transi- 
tion at  430°C  and  a tetragonal-orthorhombic  tran  iiuion  at  220°C.  A third 
transition,  which  is  probably  orthorhombic-trigonal,  has  since  been  found 
at  -2 0°C  (Pepinsky,  Thakur,  and  McCarty,  1952).  NaWbO^  was  reported  to  have 
a cubic-tetragonal  transition  at  480°C  and  a tetragonal-orthorhombic  transi- 
tion at  370°C.  Curie  points  of  475°C  and  13. 2° K were  reported  for  NaTaO^ 
and  KTaO^  respectively.  Question  has  arisen  recently  in  the  case  of  NaNbO^ 
(cf.  Vousden,  1952;  Pepinsky,  1952;  Megaw,  1952).  Shirane  and  Pepinsky 
have  clearly  shown  that  pure  NaNbCh  has  only  one  transition  point  above  0°C, 
and  that  the  structure  is  anti-ferroelectric  below  the  transition  point. 

Several  other  pseudo-perovskite  ferroelectrics  have  been  found: 
PWTiOjj  (Shirane,  Hoshino,  and  Suzuki,  1950),  RbTaO^  (Smolenskii  and 
Kozhevnikova,  Kozhevnikova,  1951),  and  a number  of  mixed  crystals.  An 
interesting  case  among  the  mixed  crystal  studies  was  that  of  (Ba,  Pb)ZrO^. 
Neither  of  the  pure  components  is  ferroelectric,  but  ferroelectric  mixtures 
can  be  formed  (Shirane,  1952). 

It  was  mentioned  earlier  that  PbZrO^  is  anti-ferroelectric.  A 
peak  in  the  dielectric  constant  is  found  at  the  transition  point  (about 
230°C),  but  the  characteristic  ferroelectric  hysteresis  loops  are  not 
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observed.  At  sufficiently  high  field  strengths,  however,  strange  hysteresis 
effects  were  noted  (see  Figure  18).  These  were  interpreted  to  mean  that 
two  structures,  one  ferroelectric  and  one  anti-ferroelectric,  had  nearly 
the  sane  energy,  and  that  a high  field  could  induce  the  ferroelectric 
structure  (Shirane,  Sawaguchi,  and  Takagi,  1951).  It  was  also  found  that 
PbZrO^  showed  a more  pronounced  specific  heat  anomaly  than  BaTiO^  (about 
450  cal/mole  as  compared  to  about  50  cal/mole)  (Sawaguchi,  Shirane,  and 
Takagi,  1951). 

Following  success  with  the  discovery  of  additional  pseudo-perovskite 
ferroelectrics,  Matthias  set  out  to  find  ferroelectricity  in  other  structures 
involving  oxygen  octahedra.  This  resulted  in  reports  of  ferroelectric 
activity  in  LiNbO^  and  LiTaO^  in  the  ilmenite  system  (Matthias  and  Remeika, 
1949),  and  of  W0^  with  a distorted  ReO^  structure  (Matthias,  1949;  Matthias 
and  Wood,  1951).  The  lithium  compounds  were  reported  to  have  perfectly 
rectangular  hysteresis  loops.  No  Curie  points  were  observed,  and  an  absence 
of  domains  was  reported.  It  appears  that  W0^  is  anti-ferroelectric  between 
-50°C  and  about  740°C,  and  ferroelectric  below  -50°C.  The  ReO^  structure 
is  related  closely  to  the  perovskite,  being  obtained  by  removing  the  corner 
atoms  in  Figure  16.  There  Eire  conflicting  reports  on  the  distortion  of 
this  structure  in  WO^.  H.  Brakken  (1931)  reports  a triclinic  structure  at 
room  temperature,  but  Ueda  and  Ichinokawa  (1951)  report  the  crystal  to  be 
orthorhombic.  The  latter  authors  agree  with  Kehl,  Hay,  and  Wahl  (1951) 
that  the  high  temperature  modification  is  tetragonal. 


The  discovery  of  ferroelectricity  in  CdgN't^Oy  will  undoubtedly 
lead  to  several  new  ferroelectrics.  In  reporting  this  crystal  Cook  and 
Jaffe  (1952)  also  gave  some  data  on  a related  crystal,  PbgNl^Oy.  Their 


observations  were  limited  to  temperatures  above  -196°C,  which  was  sufficiently 
low  to  establish  the  012^207  Curie  point  of  -103°C,  but  not  low  enough  to 
reach  a transi  ion  which  appeared  to  be  developing  in  the  case  of  Pb2Nb2C>7- 

The  Structural  ^Nature  _of_Xerrqe_lecjbricity 

In  this  section  some  brief  Attention  will  be  given  to  current 
views  on  the  origin  of  ferroeleciricity  in  the  various  crystals  discussed 
above.  This  is  not  intended  as  a review  of  theoretical  work  in  the  field, 
but  is  meant  only  to  point  out  something  of  the  structural  nature  of  ferro- 
electricity.  A ferroelectric  crystal  always  undergoes  a transition  in 
crystal  structure  at  the  Curie  point.  A correlation  of  structural  changes 
with  changes  in  dielectric  properties  is  obviously  of  fundamental  importance 
to  any  complete  theory.  Considerable  progress  has  been  made  in  this  direction 
in  the  cases  of  KT^PO^  and  BaTiC^.  When  KH2PO4  has  been  treated  thoroughly, 
al 1 of  the  ferroelectric  dihydrogen  phosphates  and  arsenates  will  of  course 
be  understood,  and  considerable  insight  into  the  ammonium  salts  will  result 
as  well.  Success  with  BaTiO^  should  open  the  way  to  the  more  complicated 
oxygen  octahedra  types.  This  leaves  only  the  tartrates  in  which  inadequate 
understanding  remains;  and  here  the  least  progress  has  been  made. 

An  understanding  of  ferroelectricity  in  the  tartrates  has  been 
severely  hampered  by  lack  of  sufficient  structural  information.  These 
crystals  have  rather  complex  structures  in  the  first  place,  and  then  the 
only  two  structure  analyses  in  this  group  leave  some  important  questions 
unanswered.  In  both  cases  the  hydrogen  positions  were  not  determined.  This 
is  not  unusual  by  any  means  in  X-ray  analysis,  but  it  is  rather  important 
here  since  the  only  structural  theory  seriously  considered  today  attaches 
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almost  exclusive  importance  to  certain  of  the  hydrogens.  In  the  case  of  the 
lithium  ammonium  tartrate  monohydrate  structure  (Vernon  and  Pepinsky,  1952), 
the  Li  positions  were  not  determined  either.  All  of  the  atomic  positions 
(other  than  hydrogen)  were  reported  for  Rochelle  salt  (Beevers  and  Hughes, 
1941) » hut  even  here  one  cannot  proceed  with  complete  confidence.  The 
structure  factor  agreement  was  rather  poor.  This  may  mean  that  the  visual 
intensity  estimates  were  inaccurate,  in  which  case  the  accuracy  of  positions 
is  questionable;  or  it  may  mean  that  the  positions  chosen  are  not  those  for 
the  best  fit,  again  indicating  inaccuracy;  or  it  may  mean  that  a certain 
assumption  in  the  analysis  was  not  warranted.  Beevers  and  Hughes  worked 
out  the  structure  in  the  monoclinic  ferroelectric  phase  on  the  assumption 
that  the  only  departure  from  the  orthorhombic  symmetry  (above  the  Curie 
point)  ’was  in  the  hydrogen  positions,  which  they  did  not  expect  to  observe 
anyway.  Hence  any  deviations  by  other  atoms  from  the  orthorhombic  symmetry 
would  be  obscured  by  the  fact  that  no  deviations  were  allowable  in  their 
calculations. 

The  theory  which  has  developed  from  the  Rochelle  salt  structure 
attaches  primary  importance  to  a short  hydrogen  bond  which  is  part  of  a 
hydrogen  bond  chain  that  zig-2ags  along  the  ferroelectric  a-direction 
(Ubbelohde  and  Woodward,  1946;  Mason,  1950).  The  chain  presumably  serves 
to  transmit  effects  originating  in  the  short  bonds.  Some  success  has  been 
achieved  in  this  approach,  but  evidence  supporting  this  theory  is  not 


nearly  on  such  sure  ground  as  the  structural  theories  in  the  other  ferro- 
electric types.  The  small  shifts  in  Curie  points  by  deuteration  certainly 
do  not  provide  the  striking  evidence  for  importance  of  hydrogen  bonds  that 
occurs  with  KH2PO4.  In  fact,  one  may  argue  on  completely  different  grounds 


that  the  observed  shifts  are  due  to  the  small  changes  in  lattice  constants. 
That  Rochelle  salt  is  extremely  sensitive  in  this  respect  is  amply  supported 
by  the  results  from  isomorphous  mixtures  and  the  behavior  under  hydrostatic 
pressure.  Also,  assumptions  concerning  a "critical"  hydrogen  bond  length 
are  certainly  on  rather  shaky  ground  when  one  considers  the  questionable 
accuracy  with  which  this  bond  length  is  known  in  Rochelle  salt.  In  addition, 
there  is  no  positive  assurance  that  other  atomic  shifts  are  not  involved. 

In  fact,  there  is  some  indication  from  Beevers  and  Hughes’ electron  density 
projection  on  (001)  that  a displacement  of  one  of  the  K sets  may  occur  in 
the  a-direction.  These  peaks  are  slightly  elongated  in  that  direction  about 
their  symmetry-fixed  positions  on  the  orthorhombic  2-fold  c-axis.  This 
symmetry  is  destroyed  in  the  ferroelectric  transition,  as  it  must  be  for 
polarity  along  the  a-axis.  Just  such  an  elongation  would  result  from  the 
improper  inclusion  of  the  2-fold  symmetry  if  slight  deviations  were  actually 
present. 

It  seems  clear  that  under standing  of  the  ferroelectric  properties 
of  Rochelle  salt  must  await  better  structural  information.  A coordinated 
X-ray  and  neutron  study  would  be  very  helpful,  and  has  been  undertaken  by 
the  Pennsylvania  State  College  workers,  utilizing  neutron-diffraction 
facilities  of  Brookhaven  National  Laboratories  for  determination  of  H or  D 
positions  and  alterations  of  these  at  the  transition  points. 

As  already  mentioned,  the  case  of  KH^PO^  is  in  much  better  shape. 
The  structure  is  much  simpler  than  that  of  Rochelle  salt,  and  is  known 
qur'to  ccurc.tcly  in  the  tetragonal  phase  (West,  1930).  It  consists  of  a 
hydrogen-bonded  three-dimensional  network  of  PO4  tetrahedra  spaced  on  4 
symmetry  axes  by  K ions  at  distances  c/2  above  and  bolow  each  tetrahedron 
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(thinking  of  the  c-axis  as  vertical).  This  is  shown  schematically  in  Figure 
20.  The  P positions  are  not  shown,  but  their  locations  at  the  centers  of 
the  tetrahedron  are  obvious.  The  dotted  lines  represent  the  hydrogen  bonds. 
It  is  to  be  noted  that  the  hydrogen  bonds  always  join  an  "upper"  oxygen  of 
one  tetrahedron  to  a "lower"  oxygen  of  an  adjacent  tetrahedron. 

Slater  developed  a statistical  theory  for  ferroelectricity  in 
^2^°4  (1941).  According  to  this  theory  an  ordering  of  H's  takes  place  in 
such  a way  that  in  one  domain  H' s are  associated  more  closely  with  only  the 
" afper"  oxygens  of  all  the  P0^  groups,  and  in  another  domain  only  with  the 
"lower"  oxygens.  I^PO^  dipoles,  with  orientations  parallel  or  anti-parallel 
to  the  c-axis,  are  then  presumed  to  account  for  the  spontaneous  polarization. 
The  results  obtained  with  strongly  supported  the  importance  of  the 

hydrogen  bonds. 

An  objection  to  Slater's  theory  is  that  the  hydrogen  bonds  are 
nearly  perpendicular  to  the  polar  direction,  and  could  not  of  themselves 
account  for  charge  displacement  along  the  c-axis.  What  is  further  required 
in  Slater's  model  is  that  the  hydrogen  ordering  causes  other  ionic  dis- 
placements along  the  c-axis.  Such  displacements  are  permitted  by  the  change 
of  symmetry  in  the  transition  (from  tetragons]  I42d  to  orthorhombic  Fdd), 
and  have  indeed  been  found  in  a recent  X-ray  study  (Frazer  and  Pepinsky, 
1953).  It  is  not  clear  yet  as  to  what  "triggers"  the  transition.  One 
possibility  lies  with  the  hydrogens,  as  in  the  Slater  theory;  but  an 
alternative  picture  i3  the  following.  As  the  crystal  is  cooled,  the  hydrogen 
bonds  begin  to  contract.  This  destroys  the  equidistance  of  K,0  bonds  for 
the  eight  oxygens  about  each  K.  This  causes  a preferred  vibration  parallel 
to  the  c-axis,  (observed  in  electron  density  maps  just  above  the  transition 


point),  which  in  turn  induces  a similar  preferred  vibration  in  the  PO^  groups. 
Finally  a critical  temperature  is  reached,  the  Curie  point,  at  which  the  K' s 
"lock  in"  to  positions  displaced  along  c from  their  previous  centers  of 
oscillation.  The  displaced  K* s then  exert  a polarizing  influence  on  the 
PO^  groups  and  act  electrostatically  to  order  the  hydrogens. 

The  above  study  did  not  result  in  actually  following  the  hydrogen 
positions.  The  other  experimental  evidence  was  in  accord  with  the  Slater 
scheme  for  hydrogen  ordering.  Future  verification  of  the  structural  role  of 
the  hydrogens  is  a problem  for  neutron  diffraction. 

A logical  answer  to  the  different  behavior  of  the  ammonium  salts 
has  developed  recently.  In  applying  a modification  of  the  Slater  theory 
to  Nagamiya  (1951)  found  that  dipole  orientations  in  the  a-directions 

had  lower  energy  than  the  c-axis  orientation.  Examination  of  Figure  20  shows 

to  O 

that  hydrogen  ordering  in  accord  with  orientations  perpendiculaF’cahnot  be 
made  in  any  reasonable  way  so  as  to  produce  a net  polarization.  A logical 
arrangement  can  be  found,  however,  for  a parallel  and  anti-parallel  array, 
that  is  for  an  anti-ferroelectric  structure.  This  offers  a very  reasonable 
explanation  for  the  observed  dielectric  behavior,  and  some  recent  optical 
and  X-ray  studies  lend  further  support  (Frazer,  Keeling  and  Pepinsky,  1952; 
Wood,  Merz,  and  Matthias,  1952;  Mason  and  Matthias,  1952).  Further  work  is 
necessary  for  complete  confirmation. 

The  ideal  perovskite  structure  of  BaTiO^  above  its  Curie  point 
was  shown  earlier  in  Figure  16.  It  will  be  recalled  that  at  the  Curie 
point  the  structure  changes  from  cubic  to  tetragonal.  The  tetragonal  space 
group  (P4mm)  permits  displacements  of  all  of  the  atoms  in  the  c— direction 
(from  their  symmetry-fixed  positions  in  cubic  Rujm).  Of  the  several  X-ray 


19 


studies  made  on  BaTiO-j  the  most  significant  was  that  of  Evans  (1952).  This 
was  a very  carefully  executed  investigation,  which  promised  accurate  in- 
formation on  structural  changes  in  its  early  stages,  but  finally  came  to 
disappointing  conclusions.  Despite  extremely  good  agreement  between  calcu- 
lated and  observed  structure  factors,  it  was  not  possible  uniquely  to 
determine  atomic  displacements.  This  was  a result  of  analytical  interaction 
of  the  displacement  parameters  with  temperature  correction  parameters. 

Evans  points  out  that  neutron  diffraction  should  be  capable  of  solving  the 
problem  because  of  the  difference  in  relative  magnitudes  of  the  scattering 
factors  in  comparison  to  the  X-ray  case,  and  because  these  factors  do  not 
damp  out  at  high  Bragg  angles. 

Actually,  the  work  of  Evans  does  have  some  positive  value.  The 
results  tabulated  for  his  best  agreement  of  calculated  and  observed  data 
can  provide  a good  idea  of  what  can  be  expected  in  the  transition.  This 
is  not  only  of  value  for  someone  who  tries  to  clear  up  the  problem  with 
neutrons,  but  also  provides  a good  basi3  for  further  theoretical  work. 

The  old  ideas  that  only  the  Ti  was  displaced  in  the  transition  had  already 
given  a good  start  to  theoretical  analysis.  Following  up  seme  earlier 
work  of  Devonshire  (1949),  Slater  worked  out  the  Lorentz  correction  in 
detail  for  use  in  the  Clausius-Mosotti  formula  (Slater,  1950).  The  BaTiO^ 
crystal  structure  was  taken  into  account  by  using  calculations  by  McKeehan 
(1933;  1947)  and  Luttinger  and  Tisza  (1946;  1947). 

The  ideas  of  Matthias  were  sketched  in  an  earlier  section.  From 
his  viewpoints  on  the  importance  of  the  oxygen  octahedra  and  the  electronic 
configuration  of  Ti,  he  was  able  to  predict  several  new  ferroelectrics  — 
aided  perhaps  by  earlier  reports  on  the  high  dielectric  constants  of  these 
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compounds.  It  should  be  mentioned  here  that  an  electronic  theory  of  ferro- 
electricity  in  BaTiO^  has  appeared  recently  (Jaynes,  1952),  but  the  present 
writer  has  not  had  an  opportunity  to  look  over  this  work. 

Concluding.  _Remarks. 

In  trying  to  keep  the  length  of  the  discussion  within  bounds  it 
was  necessary  to  leave  out  a considerable  amount  of  material.  Recent  reviews 
of  ferroelectricity  have  been  written  ty  Matthias  (1951)  and  by  Baumgartner, 
Jona,  and  Kanzig  (1950).  A review  of  work  on  BaTiO^  has  been  written  ty 
von  Hippel  (1950),  and  some  thought-provoking  ideas  on  this  crystal  are 
presented  in  a later  paper  ty  Megaw  (1952).  Mason  presents  his  own  theories 
of  ferroelectricity  in  his  recent  book  (1950).  Rochelle  salt  is  discussed 
extensively  with  regard  to  Muellers'  phenomenological  interaction  theory 
and  the  rotating  dipole  theories  of  Kurchatov  and  Fowler  in  Cady's  book 
(194-6). 
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Rochelle  Salt  hysteresis  curves,  60  cycles  a-c, 
from  Sawyer  anu  Tower.  X-cut  plate  85  x 85  mm, 
5 ran  thick.  Abscissa  in  volts/ era,  max  3S7$ 
ordinates  are  proportional  to  polarization. 
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Spontaneous  polarization  for  Rochelle  and 
heavy  water  Rochelle  Salt. 

Figure  3. 


Effect  of  hydrostatic  pres jure  on  upper 
and  lower  Curie  temperatures  in  Rochelle 
Salt. 


Figure  4. 
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Spontaneous  polarization  of  potassium 
dihydrogen  phosphate  and  potassium 
dideuterium  phosphate. 
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Unit  oell  of  the  idealized  perovskite  atruoture. 
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Dependence  of  Curie  temperature 
on  hydrostatic  pressure  for 
BaTiO^  single  crystal. 
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Experiments  in  the  last  few  years  have  proved  that  some  crystals 
of  the  perovskite-type  structure  become  seignette-electric.  The  first 
seignette-electric  of  that  type  (BaTiO^)  was  discovered  by  B.  M.  Wool 
and  I.  M.  Goldman^) (3).  One  of  the  authors  of  this  article  suggested  that 


the  seignette-electric  properties  are  inherent  in  other  compounds  having 


,(4) 


a perovskite-type  structure v ^ . Actually,  detailed  experiments  of  the 


electric  properties  of  titanium,  stannous  and  zirconium  divalent  metal 


salts,  in  1948,  resulted  in  the  discovery  of  the  new  seignette-electricss 

(4)(5) 


PWiO.,  CdTiO  , SiTiO  , PbZrO, 
5 } 3 i 


By  the  end  of  last  year  it  had  been  determined  that  NaTaO^, 


KTaO^,  WO^,  LiTaO^,  and  LiNbO^  are  seignette-electrics^ 


in  crystals.  The  experiments  show  that  the  seignette-electrics  are 
crystals  in  which  the  oxygen  octahedra  are  arranged  in  a specific  way, 
and  are  fully  or  partly  filled  with  cations  arising  from  atoms  with  an 
unfilled  penultimate  shell,  and  having  an  electronic  structure  of  the 
noble  gas  type,  a high  charge,  and  a small  ionic  radius.  In  this 
category  the  seignette-electrics  containing  ions  of  hydrogen  are  not 
taken  into  consideration. 

The  spontaneous  polarization  in  the  seignette-electrics  is 
determined  by  the  dipole  moments  of  the  elementary  cells  of  the  crystal, 
which  dipoles  form  as  a result  of  displacement  from  the  octahedra  centers 
of  cations  enclosed  in  the  octahedra.  These  cations  we  shall  hence- 
forth name  central  cations.  The  higher  the  charge,  and  the  lower  the 
ionic  radius  of  the  central  cations,  other  conditions  remaining  un- 
changed, the  larger  will  be  the  dipole  moment  of  the  elementary  cell. 

In  Seignette  Salt,  KHjPO^,  and  KI^AsO^,  the  spontaneous 
polarization  is  determined  by  the  displacement  of  the  hydrogen  ions  - 
which  have,  because  of  their  small  volume,  the  coordination  number  two. 

The  hydrogen  ion  differs  somewhat  from  the  rest  of  the  central  ions  of 
seignette-electrics.  It  does  not  have  any  electronic  shell,  but  con- 
tains a high  density  of  charge  q/v  (q  = charge  of  the  ion,  v = its  volume). 

As  essential  factor  is  the  mutual  disposition  of  oxygen 
octahedra,  which  define  the  magnitude  of  the  inner  field  of  seignette- 
electrics.  It  is  known  that  the  octahedra  in  crystals  can  be  connected 
through  their  vertices,  faces,  or  edges.  The  most  favorable  structure 
for  the  formation  of  seignette-electricity  is  the  perovskite  type,  in 


3 


which  the  octahedra  are  connected  through  their  vertices.  G.  I.  Shanavi'  ‘ 
was  the  first  to  indicate  that  the  disposition  of  ions  in  the  perovskite- 
type  structure  leads  to  the  formation  of  a large  internal  field.  If  the 
octahedra  have  common  edges,  the  coefficient  of  the  internal  field 
diminishes;  the  diminution  is  greater  when  faces  are  shared. 

One  must  not  forget  that  the  dimension  of  the  oxygen  octahedron 
plays  a substantial  role.  In  structures  of  the  perovskite  type,  ions 
with  sufficiently  large  radius  have  a coordination  number  12,  and  can 
separate  the  oxygen  ions  and  thus  increase  the  octahedra  size. 

In  Table  I are  assembled  cations  with  the  structure  of  the  noble 
gas  atom,  and  the  hydrogen  ion.  Their  radius  for  the  coordinative  number 
six  is  also  indicated.  The  ions  that  arise  from  atoms  with  unfilled 
penultimate  shells  are  encircled  by  the  frame. 

In  Table  I the  central  ions  V^+,  Cr^+,  Mo^+,  Mn^+ , Tc^+ , and 
Re^+  have  small  radii  and  large  charges.  Consequently  one  can  presume 
that  if  these  ions  appear  within  oxygen  octahedra  in  crystals,  such 
crystals  probably  possess  seignette -electric  properties. 

In  these  conclusions  the  authors  have  not  taken  into  considera- 
tion the  effects  of  changes  in  homopolar  character  of  bonds  within  the 
crystal,  in  the  case  of  those  ions  with  lesser  radius  — a fact  which 
could  substantially  change  the  expected  result. 

In  Table  II  are  indicated  known  seignette-electrics,  as  well 
as  additional  compounds  in  which  at  certain  temperatures  one  could 
expect  the  occurence  of  seignette -elec tricity.  The  authors  have  studied 
only  TbTaO^  and  MoO^  experimentally.  The  properties  of  other  compounds 


■ 
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listed  have  not  been  measured  by  them. 

To  reveal  seignette -elec trie  nature  end  determine  Curie-point 
temperatures,  one  must  establish  the  temperature  coefficient  of  thermal 
expansion,  symmetry,  and  axial  lengths  of  the  lattice  (Table  II)  for  the 
crystals  under  consideration.  On  the  basis  of  experimental  data  one  can 
come  to  the  conclusion  that  RbTaO^  end  possibly  MoO^  will  show  seignette- 
electricity.  Their  Curie  temperatures  (very  closely)  are  presented 
in  Table  II . 

The  Curie-point  temperature  of  KTaO,  must  lie  in  a lower  region 
than  that  for  RbTaO^,  in  contradiction  with  the  data  of  Matthias^). 
NaTaO^  in  all  likelihood  is  not  seignette-electric.  If  copper,  silver, 
and  gold  tantalates  crystallize  in  structures  of  the  perovskite  type, 
they  should  possess  seignette-electric  properties. 

An  analogous  discussion  can  be  advanced  about  niobates  of  the 
univalent  metals. 

The  structures  of  WO^  and  CrO^  represent  a slightly  deformed 
ReO^  structure,  which  in  turn  is  a modified  perovskite  structure  ABO^ 
with  the  ions  A removed.  MbO?  crystallizes  in  the  anatase  structure, 
in  which  each  third  face  along  the  tetragonal  axis  of  the  densely  packed 
octahedra  is  not  filled}  as  a result,  a layer  structure  appears.  In 
molybdenum  trioxide  the  octahedra  have  common  edges  and  two  common 
vertices. 


For  a final  determination  of  seignette-electric  properties  of  Mo0?  one 
should  study  the  temperature  dependence  of  the  lattice  parameter. 


V 
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The  tetragonal  modifications  of  Fetft^O^  and  FeTa.^  crystallize 
in  a rutile  structure,  in  which  the  octahedra  also  have  two  common  edges. 
The  formation  of  spontaneous  polarization  of  such  compounds  may  be  hampered 
by  the  fact  that  the  octahedra  contain  not  only  the  ions  Nb'5+  or  Ta5+ 
but  also  other  ions  (Fe^+).  This  replacement  occurs  to  a greater  extent 
in  L^TiO-^. 

In  the  ilmenite  structure  appear  the  seignette -elec tries  LiNbO^ 
and  LiTaO^,  as  discovered  by  Matthias.  In  this  case  the  octahedra  have 
three  common  edges  and  one  common  face. 

In  conclusion  one  should  note  that  seignette-electrics  should 
be  sought  not  only  among  crystals  in  which  oxygen  serves  as  the  anion, 
but  also  among  compounds  with  other  anions. 
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Table  II 
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Formulae 

Type  of  structure 

Parameter 
of  the  lattice 
(T  = 20  - 25°C) 
in  8. 

Cur^e  +emp 

in  °K  i 

| 

SrfTiOj 

Perovskite  (cubic  lattice) 

a = 3.397 

lo(4*5) 

BaTiOo 

Perovskite  (tetragonal  lattice* 

a = 3.9860 

393  (D 

c/a  = 1.0100) 

c = 4.0259 

i 

CdTiO, 

Perovskite  (lattice  with  mono- 

a = c = 3.784 

J 

clinic-dislocated  axis) 

b = 3.800 

50 (^*5) 

j 

HgTiOo 

Supposed  perovskite  type 

structure 

1 

PbTiO, 

Perovskite  (tetragonal  lattice* 

a = 3.896 

780^4*5^  j 

J 

c/a  = 1.0635) 

c = 4*-l44 

I 

PbZrO, 

Perovskite  (tetragonal  lattice* 

a = 4.150 

J 

c/a  = 0.988) 

c = 4.100 

51q(4*5)  ; 

NaTaO, 

Perovskite  (slightly  deformed 

a = 3.88* 

748(6) 7 

J 

cubic  lattice) 

KTaO, 

Perovskite  (cubic  lattice) 

a = 3.99* 

548(6)? 

RbTaOo 

Perovskite  (tetragonal  lattice* 

a = 3.92** 

c/a  = 1.06) 

c = 4.51 

520 

CuTaO, 

Supposed  perovskite  type 

AgTaO^ 

structure 

AuTaO^ 

NaNbO, 

Perovskite  (slight  deformed 

a = 3.90* 

698(6)? 

cubic  lattice). 

I 

* 


«* 


*t)ata  by  P.  Z.  Tandour 
**t)ata  by  V.  G.  Prokhvotiloff 


Type  of  structure 


Parameter 
of  the  lattice 
(T  = 20  - 25°C) 
in  $. 


Curie  temp 
in  °K 


KNb03 

RbNbO- 


Perovskite  (cubic  lattice) 


a = 4.015 


593(6) ? 


CuNb03 

AgNbOo 

AuNbO, 


Supposed  perovskite  type 
structure 


ReOo  (defonned  lattice j 

a : b : c = 1.774  *1  « 11.196) 


ReOo  (slightly  deformed  lattice f 
a : b : c = 0.978:  1 : 0.510) 


a = 8.46 
b = 4.77 
c = 5.70 

a = 7.28 
b = 7.48 
c = 3.82 


(6) 

not  determined 


Anatase-type  structure. 

Along  the  tetragonal  axis 
each  third  octahedron  is 
not  filled.  (Octahedra  are 
in  a close-packed  cubic 
array.)  Mo0»  therefore  has 
a layer  structure. 


a = 3.90 
b = 13.94 
c = 3*66 


Rutile 


FeNt^O^ 

LiTaO, 


Rutile 


Ilmenite 


not  determined 


LiNbO- 


Ilmenite 


L^Ti03 


a = 4*10 


The  formation  of  analogous  structure  is  possible  by  substituting 
for  the  Fe+^ion  a divalent  ion  of  approximately  the  same  radius  (Mg2+,  Co2+,  Ni2+, 
and  others). 
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FERROELECTP IC  BEH WIOR  OF  SOME  SOLID  SOLUTIONS 
(Presented  by  the  academicion  A.  F.  Joffe  7 V 1951) 


The  sign  of  volume  electrostriction  (\  ) of  ferroelectrics  can  be 
determined  by  the  temperature  dependence  of  its  linear  thermal  expansion 
coefficient:  if  the  curve  showing  the  temperature  dependence  of  the  linear 

expansion  coefficient  of  ferroelectrics  has  a minimum  at  the  Curie  point,  then 
the  electrostriction  is  positive,  if  it  has  a maximum,  the  electrostriction  is 
negative. 
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Fig.l.  The  temperature  dependence  of  the  linear  expansion  coefficient  of  some 
solid  solutions  BaTiO^  - BaZrO^.  1-  BaTiO^  BaZr0y=  95/5,  2-80/20, 

3-60/40  (in  mol.  I) 


r 


For  example,  ferroelecticity  with  a positive  electrostrietion  can  be  found 
in  PbTiO-j,  and  ferroelectric ity  with  a negative  electrostrietion  in  PbZrO^ 

(that  was  established  by  G.A.  Smolensky  in  1949)*  It  should  be  noticed  that 
the  axial  ratio  c/a  of  the  first  one  is  larger  than  unity,  and,  of  the  second  o 
one  is  smaller  than  unity. 

The  study  of  the  temperature  dependence  of  the  linear  expansion 
coefficient  of  solid  solutions,  EaTiO^  - BaZrC^  and  BaTiO-j  -BaSnO^  has  shown 
that  the  electrostrietion  decreases  with  increasing  concentration  of  BaZr03 


and  BaSnC^  at  the  beginning,  then  goes  through  zero  and  becomes  negative  (see  Fig.  1). 


From  this,  it  follows  that  the  axial  ratio  c/a  in  the  ferroelectric  region  in 


solid  solutions  with  small  concentrations  of  BaZrO^  (BaSnO^)  must  be  more  than 


unity.  Upon  further  increase  of  BaZrC^ (BaSnO^) , the  axial  ratio  must  equal  unity, 
but  later  becomes  smaller  than  unity. 

In  addition  to  the  examination  of  the  temperature  dependence  of  the 
expansion  coefficient  other  properties  of  these  solid  solutions  were  studied. 

Some  of  the  results  of  these  measurements  are  shown  in  Table  1 and  in  Fig.  2 and  3« 


Table  1 


Composition 

Sigh  of 

in  mol.$ 

electro- 

\ 

striction 

J _ . 

volume 

j 

BaTiO,  EaZrCU 
1 3 

Spontaneous 
polariza-  , 


tion  P_xlO 

T / s2 

coul/cm 


Induced 
polari"a- 
tion  at 
Curie  point 
with  E=17  kv/cm 
PjX  10^  coul/cm/ 


Coercive 
force  at 
T/0=0.3 
kv/cm 


The  examination  of  the  results  obtained  by  the  study  permits  the 
following  deduction-  Barium  zircornte  -’nd  V-riura  stannate  are  not  by  them- 
selves ferroelectric.  However  m solid  solutions  of  BaTiO^  - BaZrC^  (BaSnCb) 
with  certain  concentrations  of  BoTiO^  and  at  temperatures  T^O-,  the  Zr^+(Sn^  )ions 
align  in  one  direction  similarly  to  the  Ti1*  ions. 

* . / + 

The  electrostricticn  caused  by  th  displacemo-it  of  Ti  ions  and  Zr 
(or  3n^  ) ions,  shows  opposite  signs,  respectively.  Therefore,  pen  sufficient 
concentration  of  Zr^+  or  3n^  ions,  the  electrostricticn  and,  consequently  the 
deformation,  equal  zero.  The  crystal  stays  in  cubic  form  also  in  tv  "erroelectric 
region.  The  test  has  shown  that  upon  further  increase  of  the  content  of 
or  Sn^+ions  the  striction  changes  the  sign  -nd  the  crystal  becomes  tetragonal 
with  the  axial  r-tio  c/a  1. 


-150  -100  -50  0 50  100  150°C 

Fig.  2 Temperature  dependence  of  dielectric  solid  solution-  BaTiC,  - r aZrC-,  in 
weak  fields  (E  = 1 in/mm)  with  frequency  1000  cycles/sec.  1— BaTiC-/^aZr0a=1000, 
2—90/10,  3—85/15  4—80/20,  5—75/25,  6~T'/30,  7—60/40  (in  mol.  7) 


The  elastic  tension  in  the  crystal  as  well  as  the  ferroelectric 
tension  hinders  the  displacement  of  the  tetravalentyions  from  the  equilibrium 
position.  Therefore,  in  the  absence  of  electrostriction,  the  dielectric  constant 
and  the  induced  polarization  of  ferroelectrics  should  attain  importance.  One  should 
keep  in  mind  that  in  this  case  the  electrostriction,  which  could  be  caused  by 
spontaneous  polarization  as  well  as  by  application  of  the  external  field,  is 
equal  to  zero.  These  ferroelectrics  must  have  an  extremely  narrow  hysteresis 
loop,  which  means  a small  coercive  force.  The  dielectric  constant  in  depend- 
ence on  the  field  intensity  must  go  through  the  maximum  at  small  intensity.  Such 
solid  solutions  become  "soft-ferroelectrics" . Ferroelectrics  with  a zero 
electrostriction  become,  to  a certain  extent,  the  electrics  corresponding  to 
permalloy. 

It  is  very  interesting  to  see  that  already  polarised  solid  solutions 
with  Xy  = 0 do  not  become  piezoelectrics,  in  spite  of  the  fact  that  these 
crystals  have  ferroelectric  behavior.  The  point  is  that  piezoeffect  like 
electrostriction  compensates  in  these  crystals.  It  is  evident  that  ferroelectrics 
with  different  signs  of  electrostriction  have  different  piezoelectric  coefficient 
signs.* 

The  same  rules  must  be  observed  with  solid  solutions,  the 
components  of  which  become  ferroelectrics  with  different  signs  of  electrostriction, 
as  e.g. 

PbTi03  - FbTiO  , BaTiC>3  - PbZr03,  SrTiO-j  - PbZr03 
and  some  others. 


* In  this  c-'se  one  does  not  consider  the  phenomenon  of  displacement 
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Fig.  3.  Dielectric  constant  vs  field  intensity  of  solid  solutions  BaTiO, 
BaSnO  at  reduced  temperature  l/c  = 0,37  and  frequency  50  cycles/sec. 

1— BaTioyBaSnO^lOO/O,  2—95/5,  3—90/10,  4—85/15,  5—75/25  (in  mol.  f) 


Table  2 


Composition 
in  molt% 


BaTi03  SrTiO^ 


pontaneous 
olarization 
t C2  T 0 
n coul/cui  * 


Spontaneous 

polarization 

T °1,  2 

in  coul/cm 


Coercive 
force  at 

T/0  = 0,95 
in  kv/cm 


Value  of  drop 
of  the  linear 
expansion  co- 
efficient •’t 
C’”*ie  point 
sc.  10°' 


Ctker  7rcv’~': 


t.  I-ns  'ere  r.  ixed 


>*-  ,r r‘i 


with  rnriui 


't  i’ 


t }ir 


turf  de  snd ; nee  of  fat  lielt  el 


constant 


of  •'-lid  3cluti'ns  (fa,  Sr}  T i<  • In  table 
: surener.ts. 


• re  shown  the-  \ r.  sic  r- suits  of  the 


Fig.  4.  The  temperature  dependence  of  the  dielectric  constant  solid 
solutions  (Ea,3r)TiO-i  with  E = 10  V/cm  and  f = 100C  cy.  ':ec.  1— • ' i Co/ 
orTiCh  = 100/0  , 2-  90/l0,  3—30/20,  4-  70/30.  5—60/40.  — c0/  . n~ 4C/6C 

8 — 30/70,  9—20/30,  IO--I0/9O  (in  mol./). 

The  dielectric  constant  at  the  peak  of  the  tested  solid  solutions 

is  larger  then  in  the  c-se  of  barium  titanate^ which  is  explained  by  the 

smaller  electrostriction.  The  spontaneous  polarization  of  mixed  titanates 

with  a greater  concentration  of  SrTiO^  does  not  decrease  monotonicalLy:  in 

the  region  of  the  composition  (Ba  , , Sr  ) TiO,  there  is  a comparative 

o*o  o*4  ^ 

minimum.  By  cooling  off  the  solid  solutions  the  increase  of  the  soontnneous 
polarisation  and  the  decrease  of  the  coercive  force  occur  at  the  first  point 
(0-,)  of  low-temperature  phase  changes. 


r- 


p»  i 


At  the  transition  noints  in  the  low-temperature  region  (0^,C^) 
as  ,Tell  as  at  the  Curie  point,  the  curve  representing  the  temperature 
dependence  of  the  linear  expansion  coefficient  has  a minimum*  The  transition 
points  of  solid  solutions  displace  more  slowly  with  the  increase  of  the  content 
of  SrTiC^,  in  the  low-temperature  region,  than  does  the  curie  point. 

The  authors  express  high  appreciation  to  Professor  P.P.  Kobeko 
for  his  help  and  interest  given  to  their  work. 
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The  thermodynamic  potential  <p  of  a ferroelectric  with  perovskite 


r-  ?\ 

structure  rear  the  Curie  point,  as  it  is  Known 9 can  oe  presented  in  the 


following  forms 


rj  rt  q 

U + U~  + U*  ) + C-0(u  u + u u + u u ) + 
yy  zz  -*-2  xx  yy  xx  zz  yy  zz 


+ “a,.(u2  + u2  + a2  ) + a(p2  + p2  + p2)  + j_j:(p4  + p4  + P4)  + 
2 44  xy  xz  yz  x y z 2 x y z 


+ B (p2p2  + p2p2  + p2p2)  * q__(u  + u p2  + u p2)  + 

2 x y x z y z T;  xx  x yy  y zz  z' 


+ q [u  0?^  + P^)  + u (P*  + P^)  + u (P2  + P*)]  + 
j.2  xx  y z'  yy  x z-  zzx  x y' J 


q44(uxyPxFy  * 'SczVz  + VW  " ExPx  - EyPy  “ EA 


(1 


where  — the  components  of  the  polarization  vectors  e.  = the  components  of 

the  tension  vector  of  '■he  electric  field*  u.  . = the  components  cf  the  strain 

-j 

tensor*  = elastic  constants*  q.  . - constants*  a9  P?  9 and  P.,  are  co- 
efficients} depending  on  temperature  and  pressure. 

Taking  into  account  the  conditions  d { p * E°P)/dP^  = E.  ana 
d P/d  u . = - cr.  . where  cr.  . are  components  of  the  stress  tensor » ve  obtain 
the  system  of  equations  (2;)  5 with  the  help  cf  which  we  may  then  shady  all  the 


ri 


cases  of  crystal  structures  which  are  of  interest  to  us.  As  usual  the  dis- 
cussion refers  to  single  domain  crystals. 

Let  us  look  first  at  the  case  where  E =0  and  a-  =0.  Alter  soiv- 

i ij 

ing  the  system  (2)  with  T<  8 (for  the  tetragonal  structure); 


P = P = 0}  P2  = - 

XO  yo  ZO 


u =u  = ^ P'"  5 u ='0-P2 
xxo  yyo  xx  zo  zzo  zz  zo 


A _ a - qllc12  ~ q12cll  ^ _ ^12-12  - • --12 

**  77  (cll  _ c12)(cll  + 2c12)  * zz  ” (cn  - c12)(cu  + 2c12) 


2q12cl2  ~ qll^cll  4 c12).  (5) 


9 = - <211  %z  * 2t>12  ^ • 


whereby  we  conclude  from  the  equilibrium  conditions  of  the  deformed  position 
of  the  crystal  that  ft  ^ 0. 


It  is  easy  to  prove  that  the  anomaly  of  heat  capacity  at  the  Curie 


point  equals 


, _ Q ’e ) 2 

Ao  = 0 

9 - ft 


Therefore,  as  a result  of  the  deformation  of  the  crystal  below  the 
Curie  point  (of  electrostriction) , there  occurs  a higher  anomaly  of  heat 
capacity  with  the  growth  of  spontaneous  polarization  with  increased 


temperature. 


3 


Now  let  us  look  at  the  case  where  Ez  f 0 and  all  cr  - 0»  The 
polarization  P in  this  case  will  consist  of  spontaneous  PQ  and  induced  polar- 
ization Pu.  Let  us  apply  a sufficiently  weak  electric  field  along  the  ferro- 
electric axis  (Ez  / 0,  = E = 0).  Then  with  T > 6, 

«/ 

2tt 


£ =2zr= 

2 a a'  (T  — -0) 
0 


(8) 


X = U = £z  -bZ 

liT-  z 


u 


= °zz  cz  r>2 
zzu  ^ 


(9) 


where  u^  represent  the  deformations  which  arose  as  a result  of  the  applied 
In  the  ferroelectric  region  (T  < 0) 


field  E^ 


a’g  (9 T) 


(10) 


uxxu  " uyyu  ^3iEz*  uzzu  d33Ez» 


where  the  piezoelectric  moduli  are 


(11) 


d31  = 


2 lit  _ %') 


ri  = ^ZZ 

» a33  - (12) 


2 V tt(  ^ — 9) 


Equations  (10)  and  (11)  were  obtained  on  the  assumption  that  Pzq  » Pzu» 

When  the  external  field  is  directed  perpendicularly  to  the  ferro- 
electric axis,  e.g.  along  the  x axis,  then  with  T > 6: 


£ = 2tt  = 2tt 

a a'g  (T  — 0)  * 


(13) 


4. 


~)OCU 


* %zt\  2 . u _ „ _ £x 

— Ez ' zzu ' -1ST  x 


E?_! 


(u) 


with  T < 0 


27 r 


r - 

X ' i“0 '6  ~T)  "p\ 


P 0. 

Pi  * uu  - ^ 


(15) 


u 


xxu 


= gx  I 9 ~ & ^2  » -12  ^22.  + !^11  * q!2^xx  * ^LL^-rJ2 1E2 


lt>77^ 


ZZ  XX 


/5j  “ 9- 


!>  •?;,)  * q/.i  #uA. 


(16) 


£*  ^ P2  * P1  * tqll  " q12;  v"zx  *W  * ’’U  VTz't> 

^ ~ ” ' /s  9-  **’ 


» .J&*  .9  >* : ' «■»*«  * v*»V 

zzu  167^1  **  ZZ  p _ 0- 


x’  uxzu  d15 EX  > 


Where  the  piezoelectric  moduli  are 


d15  = * -rtJ—.  ftt 


(17) 


la  the  absence  of  the  external  fields  the  signs  of  th6  linear  (Xz2) , 
transferee  (X^,  X ) and  volume  (X#)  coefficients  of  the  ferroelectric 

yy 

electrostrietion  are  determined  by  the  values  ^zz9  & \xx’>  ‘9^  ^ ^'xx  + '^y  ” ^z* 
respectively®  According  to  the  given  experiments?  BaTiO-j  and  PbTiO^  have  a posi- 
tive volume  electrostrietion  (2  9^  + ^^,>0)?  moreover,  ^zz>  0 and  = 9^.  < Q< 

In  the  esse  of  PbZrOj  one  can  observe  a negative  electrostrietion  volume 
(2  ^ ^ < 0)  and®  according  to  the  given  X-ray  structures,  < 0,  but 

XX  ZZ  zz 


r 


% - > Oo  From  (119  (12),  (14)  and  (16)  it  is  evident  that  upon  applica- 

n 

tion  of  the  field,  the  deformations,  and  consequently*,  the  piezoelectric  moduli 

in  the  case  of  PbZrO-j,  have  opposite  signs  in  comparison  with  BaTiO^o  Tnis 

deduction  cannot  be  extended  to  the  deformation  of  the  displacement,  the  character 

of  which  is  unknown  since  no  data  is  available  concerning  it. 

As  follows  from  (15),  the  slope  of  the  straight  line  — ( T ) decreases 

with  decreasing  £)"9  reaching  a minimum  with  P*  = V = 0.  One  should  note  that  in 

this  case  ~ - d,  _ = d_0  = 0§  this  is  reasonable  if  q,  ■,  - q,„  = 0 

xx.  zz  13  33  11  12 

[see  (4)9  (5j]o  It  is  possible  to  show  that  in  the  case  of  PbZrO^,  q , > 0 and 


q < Oo 
12 


Up  to  now  the  assumption  has  been  made  that  the  sample  can  freely 


deform  ( O"  , = 0).  Wow  let  us  turn  to  the  statistical  piezo  effect.  Let  us 

apply  homogeneous  hydrostatic  pressure  o~  = C7“  = <j"  - P and  E . = Oo  Then 

xx  yy  zz  1 

we  obtain  from  (2) 

5 a + P(  ■£"'  + 2#"  ) 

P!?-  = zz SI,  (18; 


Pj.  - 9- 


where  P®  is  the  polarization  upon  the  increase  of  the  pressure  tc  the  value  P« 

zD 

The  Curie  point  01  will  be9  with  this  pressure, 


0*  = 0 


H.-,  + 2 -fk. 


Thus,  the  Curie  point  of  a ferroelectric  displaces  with  nydrostat. 
pressure  in  the  low-temperature  region  with  > 0 (BaTiO^-  PbTiO-j)  and  in  the 

high  temperature  region  with  < 0 (PbZrO^).  The  Curie  point  of  a ferro 
electric  with  zero  volume  electrostriction  does  not  depend  upon  the  pressure 
in  the  given  assumption.  From  (18)  it  follows  that  the  ferroelectric  polarization 


lii 


6 


decreases  with  X^  > 0 in  a certain  temperature  with  increasing  pressures  it  in- 
creases with  X~  < 0 and  remains  unchanged  witn  X^  = 0. 

Now  let  us  turn  to  the  examination  of  the  molecular  theories,  explain- 
ing the  ferroelectric  properties  of  BaT 10^ v2-4) . In  one  of  them1 3 ) it  is  assumed 
that  the  Ti4+  ion  forms  covalent  bonds  with  O2"  ions  and  has  within  the  elementary 
nucleus  6 local  minima  of  potential  energy..  A part  of  the  spontaneous  polarization 
Pq^  dependant  on  mixing  of  the  Ti44  ions  is  defined  by 

p _ Nm  sh(4'nC'4tJ,0d/C3kT)  ^ (20) 

2 + ch(4C ' uP  /’C  XT ) 

4 Oa  j 

where  N is  the  number  of  the  Ti4+  ions  in  1 cm^s  M is  the  dipole  moment  of  the 
unit  cells  Cy  and  Cf^  are  the  coefficients  calculated  for  BaTiO^  by  Slater^, 
and  tney  appear  as  functions  of  the  polarizability  of  the  unit  cell  of  the  lattice 
and  its  parameters.  (20)  differs  somewhat  from  the  analogous  equation  obtained 
by  Mason  and  Mathias,  who,  as  it  appeared,  committed  a series  of  essential  errors. 
Upon  examination  near  the  Curie  point,  it  appeared  that 

p?,  /—  (0  - t)1/2,  ac_  ''-e1/2(ie  _ t)"1/2.  (21) 

Ua  U 

Thus  the  Mason  and  Mathias  theory  leads  to  the  fact  that  the  transition 
point  of  BaTiO^  appears  near  the  critical  Curie  point.  This  result  is  to  be 
found  in  contradiction  with  experimental  facts.  Moreover  the  mathematical  method 
which  the  authors  adopted  for  the  model  they  presented  appears  correct  only  in 
this  maximum  case,  when  uo>>F^.,  where  is  the  height  of  the  potential  curve 
between  local  minima  and  the  internal  field  is  F.  Actually,  u)~F^t.  and,  consequently, 
the  approximate  calculation  made  by  Mason  and  Mathias  is  rough. 

Devonshire  and  Slater(2),(4J  consider  that  the  titanium  ion  is  in  a 
broad  potential  well.  As  a consequence  the  necessity  arises  for  the  calculation 
of  the  enharmonic  oscillation,  which  permitted  the  authors  to  explain  the 


7 


formation  of  the  spontaneous  polarization.)  If  we  use  the  calculations  made  by- 
Slaters  we  obtain  the  expression  for  the  Curie  point 


e = 


a 

k(3bi  + 2b2) 


(22) 


where  e is  the  effective  charge  of  the  ion§  k is  the  Boltzman  constants  a is  the 

constant  characterizing  the  harmonic  force3$  b^  and  b^  are  the  constants  of 

enharmonic  forces'll  (22)  shows  that  8 will  be  higher 9 and  the  greater  ratio 

a ? the  more  "washed  out"  the  potential  hole  is  and  the  greater  the  forces 
3b^  + 2bg 

are  which  displace  the  Ti^+ion  from  the  potential  minimum  ( ^-nC "4  ^2).  Thus 

6 is  determined  by  the  dimensions  of  the  central  ion  and  octahefilra,  and  by  the 
C«,  -> 

factor  __tNe^  -which  characterizes  the  internal  field o From  Table  1,  where  are 
C3 

given  the  data  of  the  three  perovskite  structure  combinations ? we  see  that  formula 
(22)  is  insufficient  to  explain  the  circumstances  that  QpbTiO^^  ®BaTi03 
QpbZrC^  ^^BaTiO^  « Very  likely  the  model  of  Devonshire  and  Slater  cannot  be 
used  for  all  the  crystals  of  the  perov skits  type®  It  is  possible  that  for  some 
cases  which  are  nearer  to  reality  because  of  the  increased  field  of  strong 
electrostatic  origin.,  the  model  of  Mason  and  Mathias  could  be  used®  These  ideas 
are  somewhat  supported  by  the  discovery  of  strong  discontinuities  of  heat 
absorption  and  of  the  expansion  coefficient  in  the  case  of  PbZrO-j  and  PbTiC^, 
which  confirm  by  the  nature  of  the  change  that  at  the  Curie  point  those  crystals 
are  nearer  to  the  critical  Curie  point  than  in  the  case  of  BaTiO^o 


*)  In  the  given  case  we  are  studying  the  changes  of  the  properties  of  ferro- 
electric crystals  when  some  of  the  cations  are  replaced  by  otherso  Of  great 
interest  can  be  the  analysis  of  the  influence  of  the  anion 5 which  in  a certain 
measure  can  occur  in  a number  of  solid  solutions  of  BaO.TiO^  - KF«Ti02  or  of 
Ba0-Ti02  - RbF-T102. 


r 


In  conclusion  we  note  that  in  the  case  of  a number  of  crystals  such 
as  CaTiO^g  TiC^g  BaZrO^,  BaSnO^,  the  increased  sign  of  the  dielectric  constant 


and  its  negative  thermal  coefficient  can  be  explained  in  all  probability  only 
by  taking  into  account  the  anharmonic  vibrations. 


Table  I 


Formula 

Radius  of 
the  central 
ion  in  £ 

Lattice  constant 
at  temperature 
slightly  above 
in  A. 

C' 

4 -22 

— N-10 

C3 

Curie  point  in 
°K  (experimental 
values) 

BaT 10- 

0.64 

4.001 

8.42 

393  (5) 

PbTi03 

0.64 

3.955 

3.84 

773  (6) 

PbZrO-j 

0.77 

4.1 

4*95 

500 
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